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The Swedish International Development Cooperation Agency (Sida) has supported rural development
programmes in eastern Africa since the 1960s. Through its Regional Land  Management Unit (RELMA),
Sida promotes initiatives to strengthen the role of  small-scale land users in order to enhance food security

and reduce poverty.
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RELMA organizes, on a regional level, training courses, workshops and study tours. It also gives technical
advice, facilitates exchange of  expertise and produces information material for the dissemination of  new knowledge,
techniques and approaches. A variety of  reports, handbooks, posters and other information materials are published
and distributed in the region on non-profit making basis.

About this book
Considerable efforts aimed at conservation of  soil and water have been made in Eritrea over the years. These
efforts were intensified after independence, and with this move it was felt that there was a need to combine the
accumulated experience and know-how into a practical manual specifically for Eritrea.

This manual combines traditional knowledge with more recent findings. Processes of  land degradation, as
well as their causes, are described, and the influence of  socio-economic factors like land tenure are highlighted.
Methods for conservation of  arable land, as well as of  uncultivated hillsides, are elaborated.

Eritrea is a country with sparse rainfall but with a considerable potential for intensive agriculture under
irrigation. Water conservation is a very important factor for increasing agricultural production, and storage of
water in ponds and dams provides the potential for improving livelihoods in a variety of  ways. Therefore, a large
part of  the manual is devoted to descriptions of  simple irrigation methods, as well as to construction of  small
dams, ponds, wells and canals. Spate irrigation, a method in which spate flows in seasonal rivers are diverted and
used for irrigation in low-lying areas, is a special feature of  Eritrean irrigation techniques. A specific chapter in
the manual is devoted to this interesting irrigation method, and an additional one to surveying techniques, which
are essential for most soil and water conservation engineering works.

The text is enhanced by over 250 illustrations, both black and white technical drawings and colour photo-
graphs of  the various methods in practical application in the field in Eritrea.

Wider application of  the techniques described in this manual should do much to make more sustainable use
of  natural resources, as well as increased agricultural production, become attainable goals in Eritrea in the near
future.
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Foreword
Extensive and merciless clearing of natural vegetation and improper land-management prac-
tices imposed by successive colonial rules have resulted in serious degradation of soil and
water resources in Eritrea. The impact of this degradation is clearly observed in the high-
lands of the country, where the topography is mostly undulating and hilly. On the upper part
of catchments, detachment of soil particles and removal of valuable soil nutrients contribute
to reduction of soil fertility and land productivity. Excessive run-off carries a lot of soil that
eventually silts up water reservoirs, reducing their storage capacity. Flash floods affect down-
stream areas due to the increased seasonal variation in water flow of streams and rivers, and
also as a result of sedimentation in the riverbeds.

To conserve soil and water, the Government of the State of Eritrea, in collaboration
with local communities, has conducted painstaking work in constructing massive physical
structures both on croplands and on uncultivated hillsides. Little has been done, however,
to augment these efforts with biological conservation measures. This is especially true for
cropland.

Since soil conservation is not just terracing, we face a great challenge to improve farm-
ing practices by encouraging strip cropping, ridging, crop rotation, planting of leguminous
crops, as well as cultivation of grasses and legumes suitable for livestock feed. All this
should be an integral part of soil and water conservation.

Water harvesting has been practised in Eritrea for many years. Among such techniques,
diversion of spate floods onto farmlands, especially in the eastern coastal plains, and con-
struction of earth dams and ponds in the central highlands, can be cited.

Application of improved approaches and techniques for soil and water conservation is
vital. In order to implement such practices, however, extension agents and soil and water
conservation technicians must be equipped with reference materials which can help them
upgrade their technical know-how. Taking this into consideration, experts from the Minis-
try of Agriculture and the Ministry of Land, Water and Environment, with the assistance
of Sida�s Regional Land Management Unit (RELMA) in Nairobi, Kenya, have prepared
this manual. I would like to express my gratitude to all those experts involved for their
efforts in preparing the manual, and also gratefully acknowledge RELMA for the invalu-
able support they gave in the whole process.

It is my sincere hope that this manual will assist the users in implementing soil and
water conservation activities in Eritrea.

Mebrahtu Iyassu
Director General

Land Resources and Crop Production Department
Ministry of Agriculture

Asmara
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PUBLISHER�S PREFACE

With the publication of this Soil and Water Conservation Manual for Eritrea a significant
gap in the reference literature available in Eritrea has been filled. Bringing together re-
search findings, field experience and indigenous knowledge in one volume specific to Eritrea
provides a solid basis for extension workers and farmers to achieve better management of
their soil and water resources. There is great scope in Eritrea for wider application of both
physical and biological conservation measures, or combinations of these, to counteract land
degradation and improve crop productivity. Currently less than 30,000 hectares of land in
Eritrea are under irrigation, while the area with potential for irrigation is ten times that.
It is hoped that this book will be an effective tool in efforts to make a successful and sus-
tainable expansion of the area under irrigation.

The holistic view of water management, i.e. including water harvesting, water storage
and effective use of the water, is well covered in the manual. The recommendations given
are based on cost/benefit considerations. Expensive structures are justified when there is
scope for high-value production, while cheaper solutions must be chosen for wide applica-
tion in rural areas.

For outsiders, Eritrean knowledge about and experiences of spate irrigation systems
are interesting and impressive. By diverting seasonal floods coming from the mountains
onto the dry sandy lowlands, a fertile layer of silt � often more than one metre thick � is
built up over the often inherently poor local soils. Thereafter, the massive layer of depos-
ited silt is flooded by diversion and retention of spate flows in the adjacent seasonal rivers.
With this system, crop production is made possible in areas where the average rainfall is
inadequate to sustain rain-fed agriculture. The deep nutrient-rich silt stores water for
periods that allow not only one crop of sorghum to be grown but also consecutive ratoon
crops. This method, used traditionally for many years, is now being further refined and
disseminated elsewhere in Eritrea, and also has potential for replication in other coun-
tries. Its significance lies in having turned a problem into an opportunity, i.e. making
productive use of the �erosion product�, the silt.

The information in this book on the Eritrean experience of building earth dams and
canals to be used in cooperation by many farmers is also of interest for others. The descrip-
tions of the physical structures given in the manual are instructive, and equally important
is the emphasis on measures for management and maintenance of the various kinds of
dams and waterways. It is only through a combination of initial investment and sound
long-term maintenance that the needs of the beneficiaries can be satisfied.

RELMA takes this opportunity to thank the authors, Amanuel Negassi, Estifanos Bein,
Kifle Ghebru and Bo Tengnäs, for an excellent product.

Åke Barklund
Director, RELMA
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3: LAND DEGRADATION
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Chapter 1

Introduction

1.1 BACKGROUND
Soil and water conservation has a long history in Eritrea. Farming has been going on for
thousands of years, and traditional conservation methods have evolved at the local level.
During the colonial period massive physical soil conservation structures were constructed
and millions of tree seedlings planted. But the success of these measures was limited due
to poor management and little follow-up.

After independence, a series of painstaking soil conservation activities was carried out
on degraded catchments, including croplands, by mobilizing local communities. Hillside
terraces were constructed on uncultivated land, and trees and shrubs planted. Bench ter-
races, soil bunds and stone bunds have been constructed on cultivated land, check-dams
constructed along waterways to reduce sedimentation and run-off, and in the lower parts
of watersheds gullies have been treated.

In spite of this long history of large-scale investment on soil and water conservation in
Eritrea, there was no literature available documenting these efforts or giving relevant
data and information. Thus, it was felt there was a need for a handbook on the subject and
the Eritrea Ministry of Agriculture and the Regional Land Management Unit (RELMA)
agreed to collaborate to produce such a handbook specific to Eritrean conditions.

Review of earlier experience
To ensure that the handbook would be based on actual Eritrean experience, it was decided
first to carry out a brief review with the intention that its findings act as the point of
departure for the handbook. The survey was carried out in 1998 and the results discussed
at a workshop in Asmara in October 1998, with a range of stakeholders participating. The
workshop participants also provided inputs on what they regarded as important for inclu-
sion in a handbook on soil and water conservation. Details can be found in the report
published under the title Soil Conservation in Eritrea: Some Case Studies (Negassi et al.
2000).

The review resulted in the overall impression that some successes have been recorded,
especially on sloping cropland, but that there is still a need for massive continuing invest-
ment in soil and water conservation using improved approaches and techniques. A main
lesson learnt from the review was, of course, the necessity to work hand in hand with the
local people and to ensure that all attempts to address issues of land degradation take local
knowledge into account. Following on from this, it is also important to note that farmers
are, at least to some extent, managers of soil erosion, not only spectators. The report of the
survey (Negassi et al. 2000) demonstrates how soil lost from sloping land is used by farm-
ers wherever it is deposited. At the farm level, soil and nutrients �lost� from the village or
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homestead are used in the intensively managed ghedena fields. In the ghedena, soil and nutri-
ents lost from upland fields and settlement areas are captured and used as a basic asset in
production.

At the landscape level, soil and nutrients lost in the highlands are utilized along
riverbanks where sediments accumulate by siltation. The use of such riverine areas, how-
ever, results in land-use conflicts. At the national or macro level, soil lost in the Eritrean
highlands and not deposited in the highland valleys is brought down the eastern and west-
ern escarpments during peak flows to be utilized in the spate-irrigated areas in the low-
lands.

Soil conservation: a necessity or simply a lot of work?
One of the observations made in the review was that loss of soil and nutrients is, indeed, a
real loss at that site, but seen in a larger perspective, the loss is partly compensated for
since the deposited soil and nutrients may be utilized elsewhere. It could perhaps be ar-
gued, therefore, that soil erosion is no great disaster since these sediments are very useful
at the point where they are deposited. It is also well known that efforts to reduce soil loss
often require considerable investment in labour. Is soil conservation, then, really reward-
ing and worthwhile?

At the international level this is not a new debate. The Mediterranean region has been
cited as an example of an area where, over millennia, the production base has gradually
shifted from highlands to lowlands with alluvial soils. It is, indeed, true that at the global
level lowlands, coastal areas and river valleys are extremely valuable for the production of
major crops, e.g. rice and wheat.

But what about Eritrea? Although sediments are successfully utilized in spate-irrigated
areas, there is a very important difference between Eritrea and, for example, the Medi-
terranean region. In most lowland areas of Eritrea, rainfall is insufficient to support rain-
fed agriculture. Therefore, the highlands will remain the important production areas for
the foreseeable future, and better conservation of the natural resources there is both ur-
gent and important. It can also be noted that only a proportion of the soil that is eroded in
the highlands ends up being productively utilized. Much of the soil lost ends up as silt in
dams, reducing the lifespans of those dams, and some reaches the Red Sea with the poten-
tial for causing damage to its marine ecosystems.

Undoubtedly, soil and water conservation is as important in Eritrea as in other parts of
the world, but it is equally obvious that the movement of soil from higher elevations to
lower ones can never be stopped completely as long as cultivation is practised. There will,
therefore, always be a case for parallel �management� of the erosion process and making
good use of the soil that is deposited, both in the vicinity of upper catchments, such as in
ghedena, and in the lowland areas suitable for spate irrigation.

Soil lost in the highlands is utilized
in spate irrigation at Bada,
Semenawi-Keih-Bahri Zone
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Soil fertility
Agriculture is the major employer in the Eritrean economy, occupying 70�80% of the total
labour force, but it contributes only about 26% of the GDP, fisheries and livestock included
(1992 figures). Thus, agricultural activities, being the main source of income for a majority
of the population, determine to a very large extent the degree of prosperity Eritreans can
enjoy and the progress the nation can make. However, even in years of reasonable rainfall,
agricultural production in the country is still far below the food requirements of its popula-
tion.

The nutrient capital in the soils is depleted in most parts of sub-Saharan Africa, and
Eritrea is no exception. It has been shown in many other parts of the world that crop yields
can be increased several fold if the soils are fertile rather than in a depleted state. (In many
parts of the world cereal yields have increased from an average of about 1 tonne per hec-
tare to 5�6 tonnes or more per hectare over the last hundred years.) Thus, among many
interrelated factors influencing level of crop yields, soil fertility improvement is a very
important one. The World Bank has estimated that the annual cost of soil loss and nutrient
depletion in Eritrea amounts to millions of dollars (Bojö 1995).

Cereal yields in Eritrea remain low. Soil fertil-
ity is extremely low following very long periods of
continuous cropping with little return of nutrients
and organic matter to the soil. Fallowing is no
longer as common as it used to be due to an in-
creased demand for land from a growing popula-
tion. The soils are starved of organic matter. One
important reason for this is that cow dung is often
used as fuel due to shortage of wood. Thousands of
tonnes of additional cereals could be produced in-
stantly if cow dung was not used for fuel but
ploughed back into the soil.

Some of the other measures that can be taken
to improve soil fertility, and thus attain higher
yields, are planting of trees to help solve the en-
ergy crisis, better crop rotation with increased use
of leguminous crops, intercropping and good use
of crop residues.

Population pressure
Population pressure has often been cited as a main cause of land degradation. In recent
years, however, a hypothesis of �more people, less erosion� has also been articulated (Tiffen
et al. 1994). Research carried out in Machakos, Kenya, for example, has demonstrated that
under certain conditions there may be a positive relationship between increased popula-
tion in a given area and improved land-use practices.

Obviously, an increase in the population in an area can create pressure on its resources,
especially if the population increase is not coupled with innovation and intensification of
land use. However, as Mao Zedong said, �with every mouth comes two hands�; thus more
people can be regarded not only as a threat but also as a further resource. More labour will
be available and more work can be put into each unit of land. In addition, more new ideas
can be generated if many people combine their thinking.

There are many examples in the world of how increased population coupled with inten-
sification of land use and innovation has led to less erosion, higher production and more
sustainable farming systems. The real challenge is to ensure that innovation and intensifi-
cation take place.

The extensive use of cow dung for fuel is
detrimental to soil fertility



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

4

Water
Eritrea is located in a region where rainfall is not only low but also erratic, with great varia-
tions between different years. In addition, precipitation is unevenly distributed geographically
with large parts of the country being too dry for rain-fed agriculture.

Conservation of water goes partly hand in hand with conservation of soil. Construction
of terraces and bunds, measures to increase organic matter in the soil, and many other soil
conservation measures result as much in water conservation as conservation of soil. An
increase of organic matter results in improved water-retention capacity of the soil, and soil
conservation measures help increase infiltration and reduce run-off of water.

But there are also specific measures primarily aimed at water conservation. Construc-
tion of ponds and dams can open new and significant avenues for innovation and intensifi-
cation at the local level, e.g. through a shift to irrigation and use of high-value crops.

1.2 THE SCOPE OF THIS HANDBOOK
Soil and water conservation in Eritrea is an enormous subject if all aspects and all areas of
the country were to be covered. Based on the recommendations of the participants at the
workshop reflected in the report mentioned above (Negassi et al. 2000), the various topics
were prioritized and those judged to be most important given priority in this manual.
Other topics have been covered less extensively or not at all.

Conservation of hillsides and cultivated lands, with emphasis on the highlands, riverbank
protection, dams, wells, ponds and simple irrigation techniques, has been given promi-
nence. Conservation of croplands has been covered in broad terms, including both physical
and biological measures.

Among aspects less well covered or not covered at all are management of lowland
rangelands, agroforestry and forestry, horticulture, technically advanced irrigation meth-
ods, and techniques for extension and communication. Thus, this handbook does not cover
all essential areas, and assumes that readers will refer to and use other available litera-
ture as a complement. There is also a need to develop additional books specifically for
Eritrea on some of the mentioned topics.

1.3 TARGET READERSHIP
The authors hope that this book will prove useful for extension officers and technicians in
Government service, as well as NGO workers, students of agriculture and teachers at a
variety of levels. In general, we have tried to use a simple language style, but of necessity
some of the topics, especially those involving engineering, must be explained in more tech-
nical language. We realize, therefore, that some parts of the book may not be suitable for
every individual reader and may require explanation by more qualified people. It is our
hope that training activities can be organized to facilitate such interactions.

Basin irrigation in Lamza, Makel Zone
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Chapter 2

The agro-ecological zones of Eritrea
An agro-ecological zone is an area of land where the climate, landforms, soil and vegetation
are all relatively homogenous. The constraints and potentials for agricultural activities
also tend to be fairly uniform within one agro-ecological zone. Varying population density
and variations in traditions, wealth and other socio-economic factors may, however, result
in the development of different farming systems within an agro-ecological zone.

On the bases of biological and physical characteristics, Eritrea is divided into six major
agro-ecological zones (Map 1). These six zones are in turn subdivided into 55 sub-zones
(Ghebru and Radcliffe 1997). This agro-ecological classification is important in the context
of soil and water conservation since appropriate conservation measures vary between the
zones. Ideally, soil and water conservation guidelines should be provided specifically for
each sub-zone, but for practical reasons only the major zones will be discussed in this book.
We hope and anticipate that extension workers and other readers of this publication will
be able to adapt the proposed technologies to suit local conditions.

As can be seen from the figures in Table 2.1, much of Eritrea is occupied by drylands,
with three-quarters of the country falling in the arid or semi-desert zones. In most years
rainfall is less than 500 mm in all these areas, and this, combined with a very high poten-
tial evapotranspiration (1,700�2,100 mm), results in dry conditions.

Table 2.1 Relative area of the major agro-ecological zones of Eritrea

Agro-ecological zone Proportion of Eritrea�s total area (%)
Moist highlands zone 7
Moist lowlands zone 16
Arid highlands zone 3
Arid lowlands zone 34
Sub-humid escarpment zone 1
Semi-desert zone 39

2.1 THE MOIST HIGHLANDS
The moist highland zone is mainly located in the southern part of the highlands with a small
additional area further north (see Map 1). The altitude varies from 1,600 to 3,000 metres
above sea level (m.a.s.l.), with an average annual rainfall between 500 and 700 mm. The
climate is mild or cool with December�January being the coldest and March�April the hottest
months. The average number of days per year when there is sufficient moisture in the soils
for crop growth (the length of the growing period) is 60�110 days.

The dominant natural vegetation is forest with typical species being Juniperus procera,
Olea africana, Euclea schimperi, Euphorbia abyssinica, Acacia etbaica, Ocimum
grandiflorum and Dodonaea angustifolia. However, because of the intensive cultivation
that has been going on for centuries in many of these areas much of the natural vegetation
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has been cleared and replaced by open
cropland or shrubs and other secondary
vegetation.

The dominant soils are Lithosols,
Cambisols, Luvisols and Vertisols (see Ap-
pendix 1 for the characteristic features of

different soil types). Lithosols occur on
steep slopes and soil erosion is often high
in these areas. Luvisols and Vertisols
mostly occur in flat areas.

The population density in this zone is
high compared with that in the other
zones. The people depend on crop produc-
tion and raising of livestock for their live-
lihood. The dominant crops are wheat,
barley, sorghum, maize, taff (Eragrostis
tef), finger millet, horse bean (Vicia faba),
and chickpea (Cicer arietinum). Cattle,
sheep, goats, donkeys and poultry are
common.

2.2 THE MOIST LOWLANDS
The moist lowland zone is located in the southern and south-western parts of the country. The
land is mostly flat or undulating with a few mountains. The altitude range is 500�l,600
m.a.s.l. and the average annual rainfall is 500�800 mm. The moist lowland is a warm or
hot area. The growing period ranges from 90 to 120 days. The natural vegetation has been
cleared for agriculture to a lesser extent than in the moist highlands.

The natural vegetation is savanna woodland and bushland dominated by Acacia senegal,
Acacia mellifera, Acacia seyal, Ziziphus spina-christi, Balanites aegyptiaca, Adansonia
digitata and Dalbergia melanoxylon.

The dominant soil types are Cambisols, Vertisols, Luvisols, Lithosols, Fluvisols and
Regosols (see Appendix 1). This zone has a potential for both crop and livestock production.
The livelihood of the people depends on a combination of these two activities, i.e.
agropastoralism. The major crops grown in this zone are sorghum, sesame, cotton and
pearl millet. Cattle, sheep, goats, camels and donkeys are common.

2.3 THE ARID HIGHLANDS
The arid highland zone is located in the northern part of the country. The altitude is 1,600�
2,600 m.a.s.l. The average annual rainfall is 200�500 mm, and the length of growing period
is only 30�60 days. This zone is characterized by a warm climate.

The natural vegetation consists of shrubs and bushes such as Acacia etbaica, Acacia
tortilis, Carissa edulis, Dodonaea angustifolia, Dobera glabra and Salvadora persica. The
natural vegetation is less degraded compared to that in the moist highland zone.

The dominant soil types are Cambisols, Lithosols, Xerosols and Regosols (Appendix 1).
Major crops grown in this zone are sorghum, barley and pearl millet. The population den-
sity is low and people depend on agropastoralism. Goats, cattle, sheep and camels are
commonly reared. The potential production of this zone is low, mainly due to the low and
erratic rainfall.

Vegetation regenerates in Menguda enclosure in the moist
highlands
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2.4 THE ARID LOWLANDS
The arid lowlands are located in northern and north-western parts of the country and in the
lower part of the eastern escarpment. It is mostly an undulating or flat lowland except for
some more mountainous areas. The altitude range is 400�1,600 m.a.s.l. with an average
annual rainfall of 200�500 mm. The lowest areas are hot, but it is slightly cooler higher up.
The length of the growing period is 30�60 days.

The natural vegetation in this zone is dominated by shrubs and bushes with some scat-
tered trees. The tree species found include Acacia mellifera, Acacia nubica, Cadaba
rotundifolia, Ziziphus spina-christi and Adansonia digitata. The vegetation may be quite
different along some riverbanks where, for example, Hyphaene thebaica, Acacia nilotica
and Tamarix aphylla occur.

The common soil types are Xerosols, Cambisols, Fluvisols and Lithosols (Appendix 1).
Major crops grown in these areas are sorghum, maize and pearl millet. Although this zone
has a very limited potential for rain-fed agriculture, areas where surface and groundwater
is available can be made productive through irrigation. This zone is important for livestock
rearing, and goats, camels, sheep, cattle and donkeys are common.

2.5 THE SUB-HUMID ESCARPMENT
The sub-humid escarpment is located on the eastern slopes of the highlands. The topography
is mostly steep highland terrain, but there are some areas with more gentle slopes. The
altitude range is 600�2,600 m.a.s.l. with an average annual rainfall of 700�1,100 mm. The
climate varies from mild at the higher elevations to hot in the lowest parts. The length of the
growing period is 120�210 days.

The natural vegetation is dense or open forest dominated by Olea africana, Juniperus
procera, Carissa edulis, Anogeissus leiocarpus, Terminalia brownii, Mimusops kummel
and Combretum molle. The natural vegetation has to some extent been cleared for agricul-

A settlement in the arid lowlands

An aerial view of the arid lowlands

Traditional diversion structure using branches at Sheeb in the
arid lowlands
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ture and grazing, but not as extensively as in the moist highlands. Areas with relatively
intact natural forests still remain. This narrow green belt zone is green almost all year
round mainly due to the high and well-distributed bi-modal rainfall and the frequent oc-
currence of mist.

The dominant soil types are Lithosols, Cambisols, Regosols and Fluvisols (Appendix 1).
The most common crops are maize, sorghum, coffee, barley, and Irish potatoes. Cattle,
goats, sheep, camels, donkeys and poultry are common. The people living in the lower part
of the escarpment area mainly depend on pastoralism for their livelihood, while those
living higher up are sedentary farmers.

2.6 THE SEMI-DESERT ZONE
The semi-desert zone is located along the entire coast of the country and on the islands, and in
addition a small area in the north-western part of the country. The altitude varies from 100
metres below sea level to 1,355 m.a.s.l. The average annual rainfall is less than 200 mm and
the length of the growing period is 0�45 days. These areas are very hot.

The dominant natural vegetation in this zone is a sparse coverage of scrub and grasses
of different desert species including Acacia nubica, Acacia tortilis subsp. tortilis, Calotropis
procera and mangrove species such as Avicennia marina and Suaeda monoica. Tamarix
aphylla grows along the watercourses.

The dominant soil types are Xerosols, Solonchaks, Lithosols, Cambisols, Fluvisols,
Regosols and Andosols (Appendix 1). The agronomic and grazing potential of this zone is
low mainly due to the low rainfall. However, on areas where flooding occurs as a result of
heavy rains in the highlands, maize, sorghum, pearl millet and watermelon are grown
under spate irrigation. The population density is low and most people depend on rearing of
goats, camels, cattle and sheep.

View of the sub-humid escarpment at Feresege, Semenawi-Keih-
Bahri Zone
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Chapter 3

Land degradation

3.1 CAUSES OF LAND DEGRADATION
Land degradation is a process that lowers the current and/or potential capacity of land to
produce goods and provide services. Continued degradation of land may lead to a perma-
nent decrease of its biological potential and a deterioration of living conditions for the
inhabitants (Thomas 1997).

The most important causes of land degradation are:
• Fertility degradation (loss of plant nutrients, chemical, physical and biological degra-

dation)
• Soil erosion (by water and wind)
• Degradation of vegetation cover
• Degradation of water resources.

3.2 FERTILITY DEGRADATION
Depletion of soil fertility can be a result of:

• Loss of nutrients
• Chemical degradation
• Biological degradation
• Physical degradation..

Loss of nutrients
Nutrients are relatively abundant in the topsoil but are associated with the finer soil frac-
tions that are most subject to erosion. Soil loss is, therefore, always accompanied by nutri-
ent loss. In soils that are inherently fertile and deep, loss of fertility due to erosion may be
short term and can be reversed by application of manure and fertilizers.

A degraded area in the highlands
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Erosion may, however, lead to a situation that cannot easily be reversed in areas with
shallow soils or soils in which most of the nutrients are accumulated in the topsoil. It is,
therefore, important that soil is conserved before such irreversible damage has taken place.
Prevention is better than cure!

Plants respond to nutrient depletion in different ways, but nitrogen deficiency is usu-
ally evidenced by yellowing of leaves.

Chemical degradation
Chemical degradation can occur as a result of acidification, salinization or alkalinization of
the soils.

Acidification occurs when base elements leach through the soils as a result of high rain-
fall and excessive drainage of the soil, e.g. in sandy soils. Acidification may be accelerated
through burning, clearing of vegetation, continued use of acidifying fertilizers (e.g. sul-
phate of ammonia and DAP) and excessive irrigation. Acidic soils are rare in Eritrea.

Salinity and alkalinity occur in arid and semi-arid areas where rainfall is insufficient to
leach the excess salts down to the sub-soil. In Eritrea, the coastal areas have saline and
alkaline soils. Highly saline soils are called Solonchaks.

Signs of salinity and alkalinity are:
• There are salt crusts on the soil surface or on walls of any exposed soil profile.
• The soil lacks stability in water since its compound structure (aggregate) formed by

mineral particles and organic matter can easily be dissolved. The soil becomes very
hard when dry, and sticky and impermeable when wet.

• Salt-tolerating plants, e.g. sorghum, date palm and cotton, may grow well, whereas
sensitive plants like citrus do not.

• A pH of more than 8.5 is a good indicator of alkalinity.

Biological degradation
Some indicators of biological degradation are:

• Decrease or absence of earthworms, termites, etc.
• The colour of the soil becomes lighter as a result of the decrease in organic matter
• Most of the indicators used for physical degradation (below).

 Mineralization of organic matter is rapid in hot lowland areas during periods with
sufficient moisture. Soil temperatures are lower at higher altitudes with more rainfall and
the mineralization of organic matter may be slower in such areas. Loss of organic matter
may generally result in biological degradation of the soil.

Erosion of topsoil always results in a loss of organic matter, and therefore a loss of food
for soil micro-organisms. Therefore, depletion of organic matter can cause the reduction of
soil micro-organism populations, which play a vital role in the decomposition of fresh or-
ganic matter to humus. This has a damaging effect on the soil structure since the stability
of soil aggregates depends on the activity of micro-organisms. If the soil aggregates are not
sustained, the soil becomes more susceptible to erosion due to a poorer structure and re-
duced water-holding capacity. Thus, elimination of micro-organisms, for example by ero-
sion or burning, causes both biological and physical damage to the soil ecosystem.

The return of manure to agricultural fields is a top priority for avoiding biological deg-
radation. Currently, significant amounts of cow dung are used for fuel in Eritrea. It would
be an important step towards the goal of higher and more sustained crop production if
burning of cow dung could be substituted with the use of firewood or other sources of
energy.

Mixing of crop residues with the soil provides nutrients for micro-organisms and results
in development of microbial populations to a greater depth than if the residues were left on
the soil surface. This, in turn, enhances nutrient recycling within the soil profile.
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Physical degradation
Physical degradation may occur from compaction of the soil as a result of continuous culti-
vation with heavy machinery at the same plough depth. Physical degradation reduces the
aeration and permeability of the soil and thus increases waterlogging, run-off and erosion.
Use of cover crops, manure, mulching and minimum tillage can minimize the risks of physical
degradation.

Some indicators of physical degradation are:
• Sealing (the cracks in the surface layer of the soil are filled with silt, thus reducing the

infiltration of water)
• Crusting (salt formation) on the soil surface
• The soil is very hard�almost like cement when dry
• The soil is difficult to plough or hoe
• Poor germination of seeds and poor plant growth
• Increased run-off as a result of surface sealing.

3.3 SOIL EROSION
Soil erosion means the physical removal of topsoil by various agents, including falling rain-
drops, water flowing over and through the soil profile, wind, and gravitational pull. Erosion
can also be defined as the wearing away of the land surface by running water, wind or other
geological agents. Erosion is a two-phase process consisting of the detachment of individual
particles from the soil mass and then their transport by erosive agents. Thus this process
leads to a general decline in soil productivity.

Some common indicators of water erosion are:
• Erosion pedestals, i.e. soil columns left beneath stones when erosion removes the sur-

rounding soil
• Erosion pavements, i.e. gravel and stones left on the soil surface after fine soil parti-

cles have been removed by erosion
• Deposits of loose soil in depressions, retention ditches, at the foot of slopes and in

valleys
• Exposed plant/tree roots
• Exposed sub-soil and parent material
• Light- and dark-coloured patches of topsoil indicating uneven depth and leading to

uneven growth in crops
• Rills and gullies
• Surface litter accumulating in certain places or being completely washed away
• On sloping land, there is an accumulation of soil above stones, hedges, grass strips,

fences, etc.
• Damage to conservation structures
• Increased flood flows of streams and rivers with reddish, brown or grey water.

Cow dung being dried for fuel
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Some indicators of wind erosion are:
• Accumulation of white, loose sand in depressions where topsoil has been blown away
• Accumulation of sand against grass stems, hedges, etc.
• Dust storms
• Ripple marks on sandy soils
• Formation of sand dunes.

Types of soil erosion
There are six common types of soil erosion in Eritrea:

• Raindrop/splash erosion
• Sheet erosion
• Rill erosion
• Gully erosion
• Riverbank erosion
• Wind erosion.

Raindrop/splash erosion
The detachment of soil as a result of the impact of falling raindrops is greatly dependent on
the size of the particles in the soil (see Table 3.1) and their texture. Detachment is gener-
ally highest in the fine sand and very fine sand fractions of the soil. Clay particles tend to
be cohesive and are difficult to detach, but once separated from the soil mass are easily
transported. Silt soils commonly break down when wetted and the particles are easily
detached and transported because they lack cohesion and are small. Therefore, soils that
are low in clay and organic-matter content and high in silt and very fine sand tend to form
aggregates that are relatively unstable. When the fine grains are detached by raindrop
impact they may be washed lower into the soil and plug surface pores, resulting in reduced
infiltration. See Appendices 2 and 3 for practical information on how soils with different
particle sizes are identified and distinguished.

Table 3.1 Soil particle size limits

USDA/FA0 system International system
Particle size (mm) Particle size (mm)

Very coarse sand 1.0�2.0
Coarse sand 0.5�1.0 Coarse sand 0.25�2.0
Medium sand 0.25�0.5
Fine sand 0.1�0.25 Fine sand 0.02�0.25
Very fine sand 0.05�0.1
Silt 0.002�0.05 Silt 0.002�0.02
Clay < 0.002 Clay < 0.002
Source: Thomas 1997.

Factors affecting the distance and direction of soil splash are slope, wind, rainfall inten-
sity, surface condition and impediments such as vegetation cover and mulch. On sloping
ground, the splash effect is greatest downhill, as indicated in Figure 3.1.

Sheet erosion
The term sheet erosion is widely used for the erosion that takes place on denuded land
without forming noticeable rills or gullies. Sheet erosion usually involves rain-splash ero-
sion which detaches soil particles, and processes of inter-rill (overland-flow) erosion which
detach as well as transport soil particles. The result is that thin layers of the topsoil are
moved by the force of the run-off water leaving the surface fairly uniformly eroded (Figure
3.2). The eroding and transporting power of sheet flow depend on the rainfall intensity,
infiltration rate, slope and size, and shape and density of the soil particles or aggregate.

Rain-splash and overland-flow erosion are often the most serious forms of soil erosion
by water because of their impact on productivity. They may go unnoticed but carry away
the most fertile soil.
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Figure 3.1 Raindrop/splash erosion

Figure 3.2 Overland flow resulting in sheet erosion and formation of rills

Figure 3.3 Rill erosion

Raindrops falling�
at about 8 m/s

Raindrop hits ground�
and forms tiny crater

Particles of soil and �
water splashed out

Uniform splash effect on level ground

Greater splash on one side when �
raindrop hits ground at an angle

Greater splash downhill �
on sloping ground

Overland flow,�
 sheet erosion

Rill Rill

Rills forming on�
lower slopes

Deposition in valley floor 

Rill erosion
Rill erosion is the detachment and transport of soil by a concentrated flow of water. It
occurs when the run-off water creates small linear depressions in the soil surface, called
rills. These rills can be easily removed by tillage (Figure 3.3).
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Gully erosion
Gully erosion creates large channels. These are so deep that they cannot be removed dur-
ing normal cultivation with ordinary farm implements. They are formed from small rills
that concentrate water and enlarge until several join to form a channel (Figure 3.4). The
deepening of the channel undermines the head wall of the gully, which retreats up the
slope. The gully then widens as the side walls are worn back. The rate of gully erosion
depends mainly on the run-off-producing characteristics of the drainage area, the soil char-
acteristics, the alignment, size and shape of the gully, and the slope in the channel.

Riverbank erosion
Riverbank erosion occurs on the concave side of river bends where the impact of water flow
is greatest and also where turbulent water causes lifting of particles from the bottom. Fine
clay and silt materials are carried in suspension, whereas heavier materials, e.g. pebbles,
are transported along the riverbed. When the velocity of the water decreases, these mate-
rials are deposited and the cross-section of the river channel is reduced. The narrowing of
the cross-section during low flows leads to new erosion of the banks during subsequent
floods.

Fresh gully formation at Goluj,
Gash-Barka Zone

Waterfall�
erosion

Concentrated runoff�
initiates gully

Surface sinking �
above tunnel

Tunnel outlet

Debris�
carried off�
wth high�
run off

Debris�
carried off�
with high�
run-off

Splash pool�
undermining �
headscarp

Undercutting�
at concave�

bends

Side wall fails due�
to pore-water pressure

Figure 3.4 Gully erosion
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Most of the transported load in a stream or river comes from soil erosion in its catchment
area, while some may be from erosion in the riverbed. Soil and silt transport in rivers leads to
silting of dams, flooding and reduced water quality in the river.

Wind erosion
Wind erosion is a common problem in the western and eastern lowlands of Eritrea, includ-
ing the semi-desert zones. Unlike water erosion, wind can remove soil from flat as well as
from sloping lands. It can also transport the soil particles through the atmosphere and
deposit them hundreds of kilometres from the original location. Conditions that accelerate
wind erosion are dry loose soil with little or no vegetative cover, a relatively smooth sur-
face, and sufficient wind speed.

In order to control wind erosion, it is necessary to keep the soil under vegetative cover.
Most important is to protect the little natural vegetation that can grow in these areas.
Planted windbreaks can help to reduce wind speed in areas where conditions allow trees to
grow.

In the driest areas, the vegetation can be improved if irrigation water is available. Irri-
gation is very expensive, however, and rarely a practical solution to problems of wind ero-
sion. Another option is to �roughen� the surface in order to reduce the velocity of the wind.
This may be done by placing impediments, e.g. stones, vegetation residues or soil clods, on
the sand surface. But this is an expensive procedure and therefore not practically applica-
ble in the general landscape, but it may be necessary near certain infrastructures or very
special developmental activities.

Factors contributing to soil erosion by water and wind
The major contributing factors to erosion are:

• Climate (rainfall, wind)
• Roughness of the surface soil
• Erodibility of the soil
• Slope length and gradient
• Land management practices and vegetation cover.

Climate
The main element of climate that affects the rate of erosion by water is rainfall. Rain
supplies the energy to detach soil particles. The full effect of rainfall with regard to damage
to a particular soil depends on the amount of rain that falls and the rate at which it falls
(intensity). High rainfall intensities generally result in overland flow and a large volume of
detached soil aggregates is transported.

A heavy sediment load in the Gash River near Tokombia
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High-intensity rainfall on bare land, on ploughed and harrowed fields, or on soils with a
low density of plants growing on them results in severe erosion. To make an assessment of
erosion risk in a particular area it is necessary to have a detailed knowledge of mean
monthly and annual rainfall, its intensity and duration. Rainfall records alone are not
sufficient to predict precisely what will happen on the land under field conditions. The
actual soil loss that may result depends on the interaction of all the factors contributing to
erosion such as soil, slope, vegetative cover and cultivation practices.

Wind is also an important factor in causing erosion. Wind frequency, wind speed and
wetness of the soil during periods of high winds are the important factors in determining
the severity of wind erosion. Wind speeds of more than 6 metres per second are capable of
causing erosion.

Erodibility of the soil
Soils differ in characteristics depending on their properties such as texture, structure and
permeability (see Appendices 2, 3 and 4). On the basis of their texture (particle size) soils
are classified into three major types, namely sand, silt and clay (see Table 3.1). Sand parti-
cles have the biggest dimensions, silt particles intermediate dimensions and clay particles
the smallest dimensions.

The erodibility of the three types of soil is influenced by their particle size.
• Sandy soils: Splash erosion is very common on sandy soils and results in a consider-

able movement of soil. As sandy soils have a low resistance against the erosive forces
of running water, the risks of rill and gully formation are high. Sparse vegetation
cover, because these soils are often infertile, and low water-retention capacity are
other factors that contribute to the high risk of erosion on sandy soils.

• Silt soils: On silt soils erosion becomes very serious, especially when their clay content
is low. On a slope gradient less than 3% the surface seal (see �physical degradation�,
Section 3.2) of these soils protects the soil against erosion by run-off, but when the
slope gradient exceeds 3% the run-off destroys the surface seal and soil losses are
high. Rills and gullies are easily formed on silt soils since the soil has low resistance to
detachment and is easily transported.

• Clay soils: The risk of splash erosion is generally low in clay soils as aggregate stabil-
ity is high and it is difficult to detach clay particles. However, as soon as the clay
topsoil is saturated with water its resistance to detachment diminishes and thus satu-
rated soils can easily be eroded. The low permeability of clays means that large vol-
umes of water pound the surface during rainfall. Clays on sloping lands can produce
large amounts of run-off and the result may be sheet, rill or gully erosion. On moder-
ately flat land a well-designed drainage system can eliminate the risk of rill and gully
erosion on these clay soils.

Soil aggregation is also an important factor in regard to risk of wind erosion. A well-
aggregated soil has clods that are too large to be transported by wind. Poorly aggregated
soils, especially those with a high proportion of sand- and silt-sized particles, are very
prone to wind erosion.

Slope length and gradient
The soil loss from erosion increases as the slope length increases. The effect of slope length
is important on steep slopes, but it is of little importance on slopes less than 1%. However,
the relationship between slope length and soil loss is also influenced by soil characteristics
such as structure, texture, surface roughness and infiltration rate.

The gradient of a slope is one of the most important factors influencing the severity of
erosion. Generally, soil losses increase with increase of slope gradient as run-off water
moves faster on a steep slope than on a gentle slope. The gradient of cultivated land can be
modified  by soil conservation measures, e.g. terracing.

Whether a slope is convex, concave or irregular also plays a role in erosion, as is indi-
cated in Figure 3.5.



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

18

Land management practices and vegetation cover
The type of vegetation growing on a soil and its density is a very important factor. Differ-
ences in plant density, rooting habit and height of vegetation have a major influence on soil
erosion. Crops with a high density lead to lower soil losses and run-off than crops of low
density. Tall crops give less protection against erosion than low-growing crops. Different
crops also require different tilling practices. Taff, for example, which has very small seeds,
requires preparation of a much finer seedbed than crops with large seeds. This also influ-
ences the rate of soil loss.

Crop management aimed at keeping the organic-matter content of soils as high as pos-
sible results in low soil losses. Type of tillage implement, the time of tillage and the soil-
moisture conditions also influence the rate of erosion. Crop rotations, proper tillage and
other agronomic practices which maintain soil fertility and the water-holding capacity of
soils are of great importance in minimizing soil erosion.

Degradation of vegetation is the major cause of soil erosion and land degradation in the
highlands of Eritrea. Vegetation has been removed for expansion of farmland and used for
construction of traditional houses and firewood. Uncontrolled burning and overgrazing are
other factors that have led to an almost barren landscape in many parts of the highlands.

3.4 DEGRADATION OF WATER RESOURCES
Degradation of water resources may be a result of many factors such as pollution from indus-
trial wastes and organic, chemical and physical pollutants. In Eritrea, dams and ponds gradu-
ally lose their capacity as they become filled with sediment which is eroded from upper

Figure 3.5 Different shapes of slope
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catchments of deforested and overgrazed areas and poorly managed agricultural lands. In
addition, clearing of vegetation along the riverbanks and pollution by livestock and human
wastes also contribute to the degradation of water resources.

Loss of nutrients in the catchment areas not only results in a decline in productivity in
those areas where the nutrients are lost, but also leads to eutrophication (a situation with
an excess of nutrients) in dams and other water bodies downstream. Eutrophication re-
sults in excessive growth of algae and nutrient-demanding aquatic plants, which in turn
makes the water less suitable or even completely unusable for human or livestock con-
sumption.

3.5 THE EFFECTS OF LAND DEGRADATION
The effects of land degradation can be grouped into two broad categories:

• On-site effects
• Off site effects.

On-site effects
Soil erosion induced by rain in the highlands of Eritrea is very severe. It is greater on
cultivated land than on uncultivated areas. At the Afdeyu Soil Conservation Research
Station, the yearly soil loss has been found to be as high as 61 tonnes per hectare on a 2%
slope under cultivation, and 45 tonnes per hectare on uncultivated grassland with 31%
slope (SCRP 1996).

Erosion processes alter the structure and texture of the topsoil and reduce the available
nutrients, resulting in a decline in fertility. The water-holding capacity of the soil also
decreases. All these factors result in a progressive decline of agricultural productivity.

The ultimate result of continuous erosion may be complete loss of soil cover and expo-
sure of the underlying rocks, a situation that results in farmers abandoning the land com-
pletely. Lowered potential and change of land use as a result of degradation are common in
most parts of the highlands of Eritrea. The catchments of Hadas (Quahaito), Regali (Mt.
Soira), Chealo-hadadm, Mai-seraw, Ubel, Ungula, Rora-mensa and Hidai are examples of
such areas. Other on-site effects are drying of wells and streams within the degraded area.

Off-site effects
Soil and nutrient loss from one area has an impact on other areas further down in the
catchment. Serious soil erosion in upper catchments results in less infiltration of water

Soil loss due to cultivation and poor vegetation cover in the catchment
results in dams silting up
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and the consequences are the drying up of perennial rivers and streams, as well as low re-
charge of groundwater resources.

Water flow in streams and rivers also becomes more erratic, and flash floods more com-
mon. Flash floods carry considerable amounts of soil and nutrients, which must be depos-
ited somewhere. Such sediments and nutrients can occasionally be utilized, e.g. in areas
under spate irrigation. But more often sediment transport has undesirable consequences,
e.g. sedimentation and reduction of the amount of water in dams. Foro dam, located in the
lower part of Hadas catchment, and Ghinda dam on the lower side of Durfo and Nefasit
watersheds could be cited as examples. These dams are completely silted up approximately
30 years after their construction.

By and large, in Eritrea, sediment transport in rivers indicates loss of soil and nutrients
from higher rainfall areas suitable for agriculture and deposition of the soil and nutrients
in drier lowland areas with less agricultural potential. All in all this is an unfavourable
and costly phenomenon, both for the nation and for the people living in the affected areas,
who are, in effect, the majority of the people of Eritrea.
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Chapter 4

Some important factors for land management in
Eritrea

4.1 LAND TENURE
Land tenure in the Eritrean highlands has been much influenced by a system known as
�dessa�. The main characteristic of the dessa system is that all land within the designated
area of a village is conceived of as being the common property of the community. Thus,
every permanent member of the village is entitled to a share of village land through peri-
odical redistribution, which is carried out every seven years. Villagers are then allocated
equal shares of land, with both area and fertility being taken into account; this means that
every person receives a share of fertile land as well as poor land. This process of distribu-
tion of land is carried out through the drawing of lots, called �echa�. This system provides
equitable access to land for all members of the village. It also provides for access to land for
young people since there are rules that regulate which households are entitled to land.

From the land-improvement point of view, however, the system has the following disad-
vantages:

• A seven-year rotation period is too short to provide people with the incentive to make
long-term investments in improving the land, such as planting trees, digging wells,
and making water canals and soil-conservation structures

• Cropland is open to communal grazing in the post-harvest season, which results in
the removal of crop residues that could provide ground cover against wind erosion
and additional organic matter for the soil

• Such land cannot be used as security to obtain credit.

When implemented, recent legislation is likely to bring changes to this tenure system.

4.2 LIVESTOCK-MANAGEMENT PRACTICES
There has been a long tradition of livestock rearing in Eritrea and it is an important part of
the farming system and source of livelihood for the people. There is also an interaction
between lowlands and highlands, with purchase of livestock from the lowlands, some
fattening in the highlands and further sale to markets in Eritrea or for export. Sale of
livestock or livestock products, e.g. hides, has, and continues to be, an important part of
both the local and national economy.

Livestock also provide draught power for ploughing. Thus, livestock rearing is also an
important foundation for crop production.

But the current system of livestock management, and especially the common practice of
allowing livestock to graze all crop residues on a communal basis after the crop harvest, is
an obstacle to many soil conservation interventions. Grass strips are intensively grazed,
terraces and waterways may be damaged and organic matter from the crop residues is
partly lost from the fields and replenished only by the return of manure by the livestock.
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Communal livestock grazing is also one of the important factors in the depletion of vegeta-
tion on hillsides.

Intensification of livestock production through better management of fewer animals
would lead to new opportunities for soil conservation. The options for realizing this are,
however, interlinked with the land-tenure system.

4.3 LAND-USE PLANNING
Land-use planning is the systematic assessment of natural resources, and the social and
economic conditions affecting their potential use, in order to select and adopt the best land-
use options without causing a disturbance to existing ecosystems.

There are different ways of classifying land for various purposes in Eritrea. At the local
level, farmers assess the value of land based on traditional parameters. This is essential
for the functioning of the traditional system of land redistribution.

Traditional classification and allocation of land in Adi-angofom village
The village of Adi-angofom is located in Debub Zone 64 km south-east of Asmara and 2 km

south of Segenaiti town. The total population of the village is about 850 in 170 households. The
total area of the village is 500 hectares, out of which about 120 ha is arable land and the other 380
ha is uncropped, including mountains, hills and rocky outcrops. Agro-ecologically, Adi-angofom
belongs to the moist highlands zone. The altitude range is 1,900�2,200 m.a.s.l. and the mean
annual rainfall ranges from 500 to 600 mm. The dominant soils are Cambisols, Luvisols, Lithosols
and Fluvisols. The dominant natural vegetation includes Euphorbia abyssinica, Ficus vasta, Aca-
cia etbaica and Carissa edulis.

Land tenure
Under the proclamation of 1994, in principle all land in Eritrea belongs to the Government. How-
ever, the traditional land-tenure system is still practised in Adi-angofom. A fundamental principle
of the existing dessa system of land tenure is that all land found within the territory of a village is
regarded as common property of the village community. Thus, every member of the village who
has married and who is a descendant of the founding father of the village is entitled to construct a
house (�tisha�) and is also entitled to a share of the community land. As a general rule, a woman
who is married and living with her husband is not entitled to a separate piece of land. However, if
the woman remains unmarried or if she becomes divorced and decides to remain single, she is
entitled to half a share of the village land. If one of the spouses dies, and if the couple has
children, the surviving spouse, whether man or woman, is entitled to a full share of the village
land. People who married after the land distribution have an opportunity to obtain a share from
land reserved for that purpose or from land once allocated to deceased persons.

Land classification
Land classification in Adi-angofom village is based on its productivity (fertility) in terms of ex-
pected annual yield of crops per unit area, called �tsimdi� (1 ha is equivalent to 4�5 tsimdi). In

Well-cared-for cattle allowed to graze after crop harvest at Adi-
tseadi, Debub Zone

Sheep and cows grazing on communal land around Gheremi,
Makel Zone



4: FACTORS FOR LAND MANAGEMENT

23

addition to the criterion of yield, the depth and texture of the soils are also taken into account to
determine the land�s potential productivity. Based on these criteria, land in Adi-angofom village is
classified into the following six categories:
� Duka (Luvisols)
� Baekel (Cambisols)
� Wetsel (Lithosols)
� Hutsa (sandy soils)
� Gedena (fertile soils rich in organic matter)
� Megahatcha (hilly and stony mountain areas).

During land distribution each farmer gets a piece of land from each of these categories except
the hilly and mountainous areas, which are used for communal grazing and wood collection.

Land distribution
The process of land distribution is done through the drawing of lots (�itcha�). To ensure proper
administration during the distribution, the whole community elects 18 people to perform five differ-
ent duties. These five duties are: medabo (3 people), acquaro (3 people), ghelafo (3 people),
abobetri (6 people), and haleko (3 people).
• Medabo classify the entire parcel of arable land according to the defined criteria. They also

divide the households of the community that are eligible to get land into groups of 30 and then
they allocate the land accordingly.

• Acquaro register those candidates entitled to land in the distribution process, and collect the
required service charges from the community.

• Ghelafo verify eligible members of the community for the land distribution. In addition, they
evaluate who should get full or half shares of land in accordance with the norms and regulations
of the village community.

• Abobetri delineate borders for each plot of land within the land areas allocated to the groups of
30 households by the medabo. There is 1 abobetri for each group of 30. In case of a border
dispute among the group members, the abobetri are responsible for solving the problem. There
are about 170 households in Adi-angofom and 6 abobetri.

• Haleko solve problems or complaints from members of the community arising from any griev-
ances they may have regarding their rights to land allocation.

The function of all these elected administrative groups lasts until the new land distribution
cycle commences.

Lessons learned
From this case study, we can learn that the village communities have their own method of land
classification and an allocation system that has been practised for generations. From a practical
point of view, this system is very fair and systematic and satisfies all members of the community.
Until a better land-classification system has been put in place, this traditional system should be
maintained and must be well understood and respected by development workers. Furthermore,
when better methods for land classification and allocation are being developed it would be useful,
and wise, to incorporate existing traditional knowledge and practices.

The Government has developed a land-classification system that is based on a system
developed by the United States Department for Agriculture (USDA). The purpose of this
classification is to identify the land suitable for different uses and practices:

• Land for continued cultivation
• Land that should be under permanent vegetation (natural vegetation or perennial

crops)
• Land that should be set aside for developmental purposes like buildings or other in-

frastructure
• Land that requires improvement in the farming practices currently used on it.

The above land-use categories are determined on the basis of their land-capability clas-
sification, which is a process of estimating the potential of land for one or more alternative
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uses. The modified USDA classification system has eight major classes of land based on vari-
ous physical and environmental properties:

• Degree of slope of the land
• Soil depth
• Drainage class
• Soil texture
• Soil structure
• Degree of stoniness
• Erosion hazard.

Land classes in the modified USDA system
• Class I: This land is flat with 0�2% slope, and the soil depth is 90 cm with no erosion hazard.

It is suitable for cultivation. No expenses need to be incurred on soil conservation.
• Class II: This land is almost flat with a slope gradient of 2�3%. It has moderately deep soils

(more than 70 cm) and is suitable for cultivation but requires minor soil conservation meas-
ures such as contour farming and strip cropping.

• Class III: This land is gently sloping with a slope gradient of 4�8%, and the soil depth is
more than 50 cm. There are signs of rill and sheet erosion. This land is suitable for cultiva-
tion with appropriate soil conservation measures such as contour farming and strip cropping.

• Class IV : The land is gently sloping to rolling. It has shallow soils (25�50 cm) with visible
gully erosion hazard. This kind of land is suitable for limited cultivation with intensive soil
conservation management practices. Due to its shallow and compact soils and erosion haz-
ard it may be used for other developmental purposes.

• Class V: This land is almost flat and mostly seasonally wet and it is usually used for grazing.
• Class VI: This land is undulating with very shallow (less than 25 cm deep) and stony soils. It

is suitable for grazing and afforestation.
• Class VIIA : This land is steep with more than 25 cm soil depth. It can be used for cultivation

with intensive soil conservation measures.
• Class VIIB: The steepness of this land is the same as Class VII A, but with very shallow soils

(less than 25 cm). It is suitable for afforestation.
• Class VIII: This land is usually extremely steep, rough, stony, subject to drought,

waterlogging or severe erosion. It is suited only for nature conservation.

The USDA system was designed mainly for mechanized land development in an envi-
ronment very different from the one in Eritrea. When modifying the system for use in
Eritrea, adjustments were made to suit local cultural practices, but no socio-economic or
climatic parameters have been included.

It is very important to integrate the Government�s approach on land-use planning with
the traditions of the local communities. In this context, it is noted that different systems
may be needed for the various agro-ecological zones and communities of the country. The
modified system derived from USDA is currently used in urban and peri-urban areas,
while the traditional system is still used in rural areas.

4.4 THE INTEGRATION OF SOCIO-ECONOMIC FACTORS IN
SOIL CONSERVATION

One of the recommendations of a workshop on soil conservation held in Asmara in 1998 was
that socio-economic factors should be integrated as much as possible into physical soil and
water conservation measures. An example cited during the general discussion was that in
large areas of Eritrea it is very difficult in practice to implement the cut-and-carry system.
Some people own large numbers of cattle, sheep and goats, so that cut-and-carry becomes
impractical if not impossible.
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The working group that discussed strategic issues during the same workshop noted the
problem that conducive socio-economic conditions such as marketing, credit and infrastruc-
ture facilities have still not been developed. The same working group also noted that the
development of public awareness and mass organization still have a long way to go before
community participation becomes a reality. They felt that �Soil and water management
strategies lack an integrated approach to the whole process and to sustainability when the
ultimate objective of developing a single system is considered�.

4.5 EXTENSION AND COMMUNICATION SKILLS
Another recommendation of the workshop mentioned above was the following: �As people�s
participation is of paramount importance in the function and success of soil and water
conservation and management, everything possible should be done to foster people�s un-
derstanding and comprehension of conservation based on their short- and long-term needs�.

The working group that discussed farmers� participation recommended the following:
• Extension performance should be improved
• A bottom-up approach should be introduced
• The results of farmers� work should be looked upon as an economic asset.

At another workshop, also held in Asmara in 1998 (Negassi et al. 2000), extension and
communication skills were identified as one important area where extension personnel
need further training. This is an area that needs continued attention.

4.6 LEGISLATION AND POLICY
The Ministry of Agriculture has declared a number of policies in recent years, e.g. those
concerning protection of riverbanks and the recommendation that each village in the high-
lands have at least one hillside enclosure. But a comprehensive set of policies backed by
relevant legislation is still lacking.

This was also discussed at the workshop on soil and water conservation in 1998, and the
working group that discussed institutional and legal measures for soil and water manage-
ment noted that �� legal aspects of soil and water management are not yet developed.
However, farmers use traditional methods in the conservation and management of soil
and water.�

An area where some additional policy development would be useful is land classifica-
tion, as noted above (Section 4.3). It would be useful to have clear policies, e.g. with regard
to the maximum allowable gradient of slopes under cultivation.

Consultation with communities is essential to find out about local
knowledge and opinions
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In the absence of such a comprehensive policy the following recommendations may serve
as a guide:

• Steep slopes and areas with shallow soils should be set aside for pasture or forest
(permanent vegetation). Reference is made to Chapter 5 for further details.

• Sloping land must be well treated with soil conservation measures if it is to be culti-
vated (Chapter 6).

• Flat lands, especially when they are fertile, can be used for crops that give limited
protection against erosion (e.g. maize, wheat, barley, sorghum, pepper, sesame) but
with crop rotation or intercropping to sustain soil fertility (Chapter 6).

• Soils with drainage problems (waterlogging, flooding, run-off) must either be under
grass or planted with crops that tolerate temporary waterlogging (taff, sorghum).

A landscape with well-planned land use
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Chapter 5

Conservation of uncultivated hillsides
Most of Eritrea�s landscape is not cropland. Extensive areas of hillside in the highlands
and most lowland areas are unsuitable for crop production and instead are used as grazing
areas and as a source of other essential commodities for the people living there.

Unwise utilization in the past, however, exposed most of these areas, especially in the
highlands, to land degradation. Measures for improvement of the vegetation cover are
vital in order to combat soil erosion and reverse degradation of these uncultivated areas in
the highlands.

5.1 MAIN TYPES OF CONSERVATION MEASURES
There are two main categories of soil conservation measure: biological and physical.

Biological measures
The vegetation cover can be improved in different ways. A cheap and usually effective option
for achieving a better vegetation cover is the establishment of enclosures to enhance natural
regeneration. In such enclosures human activities are restricted for shorter or longer periods,
or even permanently.

A more costly option is to actively plant or sow trees to form new forests or woodlands.
The term �afforestation� is used for such active establishment of forest or woodland in areas
where there was no forest in recent years.

Biological measures are the most important, but they must be combined with physical
measures in the most critical areas.

Physical measures
Afforestation must sometimes be combined with physical measures. Physical soil conser-
vation measures usually consist of engineering works involving construction of earthworks
such as terraces, check-dams, and water diversions. These measures reduce the effects of
slope length and angle. The earthwork structures intercept and slow down run-off water,
which then prevents sheet, rill and gully erosion. The intercepted water soaks into the soil.
This may also make a useful addition to the groundwater. These structures are, however,
very expensive to construct.

The main objective of all such measures is improved soil and water conservation, provi-
sion of wood and non-timber forest products and biodiversity conservation.

The following measures are the most important ones for uncultivated hillsides in Eritrea:
• Enclosures
• Afforestation
• Hillside terraces (forest terraces)
• Micro-basins
• Check-dams.
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5.2 ENCLOSURES
The word �enclosure�, or sometimes �closure�, is used to mean an area, usually with steep
slopes, that has been put under full or partial protection by restricting human activities
and livestock grazing for a number of years until regrowth of natural vegetation has oc-
curred.

Enclosures for rehabilitation of degraded landscapes are now widely implemented
throughout the country. The local people are increasingly aware of the necessity to im-
prove the vegetation cover and that enclosures are essential for reaching that goal.

There are two categories of enclosures promoted in Eritrea:
• Permanent enclosures: An area is set aside in which no livestock grazing, farming,

settlements or tree cutting is allowed for an unlimited period of time.
• Temporary enclosures: An area is closed for a limited period of time, e.g. from a few

months to several years.

Establishment of enclosures
The hillsides in the highlands of Eritrea are communal lands. The use of such areas is
decided upon by the villagers, but within the framework of national laws and policies.

The Ministry of Agriculture promotes the idea that each village should manage at least
one enclosure. Thus, one of the tasks of the extension agents of the Ministry is to initiate
discussions with villages with the objective of raising awareness and interest in the enclo-
sures in their area. The effects of land degradation and measures required in order to
reverse the situation should be highlighted. Some useful roles of enclosures that can be
mentioned are:

• They create good conditions for vegetation recovery through natural regeneration
• Pastoral reserves for livestock and woody biomass for the local people will result
• They serve to protect the endangered flora and fauna from extinction
• They help to control run-off and prevent loss of arable land downstream as a result of

erosion and flooding

Menguda catchment: Rehabilitation through
enclosure

An enclosure during the dry season. Grasses
have produced seed that will germinate as

soon as there is moisture
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• Vegetation in enclosures increases infiltration of run-off water, retains moisture and
improves groundwater recharge.

Provided that the village has enough grazing land, an agreement on the need for an
enclosure will usually be reached, and the next step is then to discuss which area within
the village will be set aside.

The main criteria for enclosure site selection are:
• Distance from settlement areas. An area located very near the settlement area is

difficult to protect from encroachment by goats, sheep and calves. Therefore, an area
some distance away is to be preferred and recommended.

• Severity of soil erosion and soil degradation. Heavily eroded areas are of little produc-
tive value for grazing, therefore no major sacrifice is involved in abandoning the cur-
rent use.

• Area of available grazing land. This point requires in-depth discussion in the village.
A prerequisite for a successful enclosure is that villagers are genuinely in agreement
and that they are able to find alternative grazing areas or other sources of fodder. If
this factor is not well addressed, the establishment of an enclosure may increase pres-
sure on other adjacent productive areas. From past experience on area closure, it is
apparent that there will be difficulties if the people have a small communal grazing
area and they did not participate in the planning stage.

• Existing remnant vegetation (up to 10% cover). Regeneration is faster if there is some
vegetation that can produce seed within the area.

• Slope. Priority could be given to steep areas.
• Soil depth. Priority should be given to shallow soils (less than 25 cm).
• Socio-economic conditions, e.g. with regard to tenure. It is essential to select an area

that will not generate conflicts with other users when it is closed, e.g. for movement of
livestock.

A formal written agreement including the following information should be made with
the village leaders (Megabaeya or Baito):

• Size and boundaries of the enclosure
• Tasks and responsibilities of the community
• Tasks and responsibilities of the Government, e.g. provision of seedlings when enrich-

ment planting is required
• Modalities of joint management, future beneficiaries of produce, etc.

The following is the format currently used for agreement with villages on enclosures.

Contracts for woodland closure
Date: _____________

Zone: ___________ Subzone: ___________ Place: ___________ Village: __________

We, representatives of ________  Village, declare that a portion of our land, specifically known by
the name ________________, bordered by:
______ to the north
______ to the south
______ to the east
______ to the west
and with an area of ____ hectares, is to be enclosed. We, as representatives of the community,
agree to protect the area from any encroachment anticipating that we will get all the produce from
the area. Guards will be employed, paid either in cash or in kind contributed by the community
members. However, we may request assistance from the Ministry of Agriculture during bad years.
The Government, on its part, shall respect and assist in implementing the norms and bylaws
established by the community. We prove this by our signature:

Representative: Name: ______________ Signature: ______________ Date: ______
Village administrator: _____________________
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Land allocators A  ____________________
B ____________________
C  ____________________

Proven by:__________________________

Representative:          Name: _________________     Signature: _____________   Date: ________

Subzone administrator: ________________________

Village administrator: _____________________

Head of Ministry of Agriculture in the Subzone: ____________________

This agreement remains in force until the parties agree to modify the same.

Organization of management of enclosures
Successful management of enclosures requires that there is an organization in the village
that can handle difficulties that may arise. It is also essential that there is a continued
dialogue between the village and the representatives of the Ministry of Agriculture.

In most cases the existing village leaders (Megabaeya or Baito) assume responsibility
for the enclosure, just as with any other developmental activity in the village. But if the
villagers prefer it, a committee can also be elected specifically to handle the management
of the village enclosures.

Management of permanent enclosures
As soon as human activities and livestock grazing are restricted, grasses will regenerate
very quickly, followed by a variety of bushes that grow from root sprouts of the remnant
vegetation or from seeds dispersed from mother trees in the vicinity.

After 3�4 years, the grass and other vegetation will have reached a stage that is good
enough for harvest of some produce. Management interventions may also be required for
the promotion of the most valuable species. The respective communities and Ministry of
Agriculture extension agents should decide together on the different management options
for the closure. There are two management options: one is to designate the closure a forest
area and the other is to use it for grass production.

The following management interventions are essential if it is decided to make the clo-
sure a forest area:

• The boundaries of the enclosure should be demarcated with visible permanent struc-
tures or marks

• A buffer zone at the periphery of the permanent area closure must be established
• Economically valuable trees may be planted in gaps to enhance production
• People should be allowed to cut and carry grass, and even undesirable bushes can be

removed, otherwise there will be a considerable increase in the risk of fire
• The enclosure must be divided into blocks or compartments by fire lines
• Fire towers at the corners and at points of high ground in the closure may be con-

structed, and fire-protection equipment must be made available.

The above management interventions are primarily the responsibility of the villagers,
with technical advice from extension staff.

If enclosures are to be sustainable, the surrounding communities must obtain as many
benefits as possible and as early as possible. These benefits include:

• Cut-and-carry grass
• Collection of dry wood
• Collection of wild fruits and traditional medicines
• Placement of beehives and collection of honey (but care with fire!).
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Management of temporary enclosures
If the enclosure is designated for grass production rather than to become forest, the enclosure
can be utilized earlier. Such an enclosure is usually called a temporary enclosure.

Re-seeding the area with more palatable and nutritious grasses may be useful to in-
crease the productivity of the land. If the regeneration of grasses is good, the villagers may
be able to start to cut and carry grass within a year, but preferably this should be after the
grasses have seeded naturally.

However, from the palatability and nutritive value point of view, grasses should be
utilized soon after flowering, and in subsequent years earlier harvest is recommended.
Grass harvested from enclosures near roads has a market value and can either be sold or
used within the village. There are two options for the use of grass: either it is used directly
after cutting for stall feeding of livestock or, alternatively, it can be dried and used as hay
during the long dry season when little other fodder is available.

Woody shrubs and bushes are very important for browsers such as goats and camels.
However, if the bushes and shrubs are too thick, they suppress growth of the grasses un-
derneath. Therefore, in order to keep a balance between shrubs/bushes and grasses, some
of the woody perennials may have to be removed. On well-developed enclosures controlled
grazing with periodic resting can be a good management option. In this case, the closure
can be divided into sections and grazing can be allowed on them on a rotational basis.

Temporary and permanent enclosures of Debresina village
Debresina is a village located about 20 km east of Elabered town in Anseba Zone. The topogra-
phy of the area is rugged with rocky mountains with an altitude range of 2,000�2,200 m.a.s.l. The
annual average precipitation is about 500 mm and the climate is cool. The total population of the
village is 2,120 in 525 households.

Farming and livestock production are the main activities of the area. The area of the village is
estimated at 10,540 ha, out of which 390 ha is under cultivation and the remaining area is settle-
ment area, grazing land and �closed� woodland. There are some 4,400 domestic animals: 1,500
cattle, 500 sheep, 1,500 goats and 900 donkeys. The land-tenure system in this village is the
dessa, and the farmland is redistributed among community members every seven years. Both
temporary and permanent area closures are practised in Debresina. Locally a temporary enclo-
sure is called �hiz�ati biray� (literally �oxen�s enclosure�). A system with temporary enclosures has
been practised for 90�100 years, while setting aside permanent enclosures started in 1995.

Temporary enclosures
The community has two temporary enclosure sites, namely the Tabekna and the Da�ero-sheshegna
sites. The Tabekna site is estimated to be 250 ha in area, while Da�ero-sheshegna is about 500 ha

Cut and carry of grass in Tokor catchment, Makel Zone
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and is further subdivided into two compartments called Da�ero and Sheshegna. These two sites
are closed for 6�9 months and open for oxen grazing during the dry season every year. According
to information obtained mainly from the village administrator, Dawit Woldai, and from two other
community members, Woldetsion Menameno and Ghebremeskel Tesfazgi, there are traditional
regulations that the community has observed for many years in managing the enclosures.
These include:
• The enclosure is administered by three members of the community, including the administrator
• The two sites are closed at the same time of the year, i.e. 20 July
• Tabekna is open for oxen grazing from 20 January to 8 March and then grazed by all animals up

to 19 July
• Daero is open for oxen grazing from 9 March to 4 April and then used for donkey grazing until 19

July
• Sheshegna is open for oxen grazing from 5 April to 19 July.

The enclosures are guarded by two men nominated by the community and they are paid in
kind contributed from all members of the village.

If animals are found grazing or browsing in enclosures at times when it is not allowed, the
owners are obliged to pay the following fines:

� For an ox/cow�15 Nakfa
� For a donkey�10 Nakfa
� For a sheep/goat�5 Nakfa.
The money generated from fines is deposited in the community account to be used for devel-

opment such as construction of wells, water tanks, a village office.
 According to village community custom, grazing privileges are given to certain members of

the community. Thus, grazing and browsing in the enclosures are allowed for one milking cow or
five milking goats for the following members of the community:

� A woman who has delivered twins
� Children who have lost their mother
� A sick person who is restricted to a special diet regime prescribed by a medical doctor
� Elderly people.
Observance of these traditional rules by the inhabitants of Debresina village has resulted in

sustainable management of the enclosures.
The biological diversity of the enclosure is very rich. Some dominant plant species are Acacia

abyssinica, Acacia  etbaica, Aloe abyssinica, Buddleja  polystachya, Calpurnia  auria, Capparis
tomentosa, Carissa  edulis,  Cordia  africana, Croton macrostachyus, Dichrostachys  cinerea,
Erythrina abyssinica, Euclea schimperi, Euphorbia abyssinica, Ficus vasta, Maytenus arbutifolia,
Maytenus senegalensis, Nuxia congesta, Ocimum grandiflorum, Otostegia integrifolia, Otostegia
repanda, Pterolobium stellatum, Rhus glutinosa, Rhus natalensis, Rumex usambarensis, Senna
singueana and Teclea nobilis. There are also wild animals such as leopard, common duiker,
hyena, jackal and many species of birds. The great variety of flowering plants has enabled good-
quality honey to be produced in the area. The community has 138 modern and 250 traditional
beehives distributed among 145 households. They obtain 15�26 kg of honey per year from the
modern hives and 5�15 kg per year from the traditional ones. The current price of honey is about
45�50 Nakfa per kilogram. Thus, it is estimated that on average each household obtains an
income of about 1,300 Nakfa per year from honey production.

Permanent enclosures
Realizing the seriousness of deforestation and land degradation in some parts of the grazing
lands, the community of Debresina decided to set aside some of the degraded lands as a perma-
nent enclosure. The community has selected two sites. About 180 ha at Terer was closed in 1995
and about 4,000 ha at Embazawl was closed in 1999 to allow the vegetation to regenerate natu-
rally. As with the temporary enclosures, the village committee is also responsible for the manage-
ment of permanent enclosures.

Under village regulations, grazing, cutting trees, cultivation and settlement within the enclo-
sure are forbidden. However, cut and carry of grass, collection of dead wood, placing of beehives,
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and gathering of wild fruits and medicinal plant leaves are allowed provided permission is first
obtained from the committee. For the utilization of cut-and-carry grass the following norms are
adopted:
• Each member of the community who wishes to cut and carry grass must pay 0.50 Nakfa per

headload.
• If the person does not wish to pay the prescribed amount, an alternative is to dig 10 pits within

the enclosure for planting indigenous trees. However, women-headed households are exempted
from paying or digging pits.

• Neighbouring villages may also be allowed to cut and carry grass provided that they pay 2
Nakfa per headload.

These payments generate about 1,500 Nakfa per year for the village. This income-generating
activity has encouraged the villagers to involve themselves in tree planting and other conserva-
tion activities. Regeneration of trees, especially Olea africana, is already visible in both areas in
spite of the short period of time they have been closed.

Lessons learned
The lessons learned from this case study are that:
• If communities are well organized they can sustain their resources and improve their livelihoods
• Social values and norms are very important in managing the natural resources in a village and

therefore should always be taken into account to ensure that regulations are accepted by the
villagers

• Coordinated efforts by the village community in using their natural resources based on existing
traditional systems are more promising than trying to implement new technologies which may
not be easily accepted or adopted by the people

• Such traditional and local knowledge may have a far-reaching impact as it could serve as a
model to be emulated in other parts of the country.

5.3 AFFORESTATION
Tree planting for soil and water conservation was started during colonial times, although the
success of these measures was very limited. However, improved performance is being shown
after independence as local people are now better informed on the need to conserve natural
resources and more willing to participate in doing so.

There are, however, still problems associated with hillside forest plantation. Some of
these are:

• Lack of knowledge in species selection
• Inadequate protection and maintenance

Forest plantation with Eucalyptus cladocalyx, Acacia saligna and
Olea africana at Tokor catchment, Makel Zone
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• The practice of planting monocultures, especially with eucalyptus
• Inappropriate terrace and planting-basin design and preparation
• Planting of unhealthy seedlings.

Fast-growing species that quickly develop an extensive root system are preferable since
they quickly cover and bind the soil. The species must, of course, also be adapted to the site
and climatic conditions. It is particularly important to select species that will be able to
survive in the first long dry season. Planted trees should also yield products of value for the
local people and meet the intended objectives. From the ecological point of view, indigenous
species are preferred to exotic species.

A mix of species is better than monocultures. Mixing several species reduces the risk of
damage caused by drought, pests, diseases and fire. It is also desirable to obtain a diversity
of products such as timber, poles, fodder and bee forage, in addition to the services the
trees provide for soil and water conservation. Planting a mixture of slow-growing indigenous
species and fast-growing exotic ones may be recommended as the fast-growing species can
cover the soil in a short period of time, while the slow-growing indigenous species will give
long-term benefits such as timber. It is, however, important to choose the right species and
the right patterns for mixing them. If eucalypts are planted together with indigenous trees,
the indigenous trees are likely to become suppressed. In this case, block planting with
blocks of eucalyptus mixed with blocks of indigenous trees may be a good option. Other less
competitive species may be more evenly mixed over an area, or planted in alternate lines.

5.4 HILLSIDE TERRACES

When and where should hillside terraces be constructed?
On very badly degraded hillsides, with very little or no natural vegetation left, the natural
vegetation may not regenerate quickly. In cases where it is essential to obtain a good veg-
etation cover quickly, e.g. in dam catchment areas, physical work may be required. Initia-
tion of physical measures should, however, always be considered carefully since they are
costly to construct and also require maintenance.

Physical structures alone rarely yield the desired results and must be combined with
enclosures to be effective.

Mixed plantation of Olea africana, Dodonaea angustifolia and
Eucalyptus cladocalyx at Teareshi, Tokor catchment, Makel Zone

A four-year-old Olea africana tree at Teareshi, Tokor
catchment, Makel Zone
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Layout of hillside terraces
A hillside terrace, commonly called �gradini�, is an inward-sloping narrow benched structure
which is constructed along the contour on degraded hills to conserve soil and water. It is
usually constructed by levelling a strip of land in order to allow the planting of trees and
shrubs.

The terrace is often 1 m wide and the spacing between two consecutive terraces varies
depending on the density of the natural vegetation. Since hillside terrace construction is
usually associated with tree planting, the spacing between the tree seedlings will influence
the distance between the hillside terraces. In this context, in Eritrea a distinction is made
between regular- and multiple-spaced terraces.

In regular-spaced terracing, each row of trees is planted on a terrace. This means that
the horizontal distance between terraces corresponds to the spacing of the tree crop. A
spacing of 2.5 m x 2.5 m is widely accepted, and the horizontal distance between two regu-
lar consecutive terraces is then also 2.5 m. Regular-spaced terracing is recommended when
the vegetation cover of the area is very low, i.e. 0�10%.

In the second method, multiple-spaced terracing, the horizontal distance between ter-
races is a multiple of the regular terrace spacing, e.g. at 5 m or 7.5 m horizontal intervals.
The choice of spacing between the terraces depends on the vegetation cover. Multiple spac-
ing is usually recommended in areas where the existing vegetation cover is 10�30%. With
multiple-spaced terraces some trees will be planted in lines between the terraces. The
advantages of multiple spacing are that it is cheaper and that less soil is disturbed.

If the vegetation cover of an area is more than 30%, it is advisable not to construct any
terraces.

Prior to construction, contour lines and the distance between two consecutive contours
should be marked using a line level. A key terrace is laid out first at the top of the hill. All
subsequent ones are laid out moving down-slope at the required horizontal interval (2.5, 5
or 7.5 m). Organization of the work force into teams of three people is suitable for the
layout of terraces. The use of a line level and other techniques useful in design of soil
conservation structures is elaborated in Chapter 17.

After the contour lines and the spacing between the terraces have been determined, the
following points can guide the construction:

• Start construction when land is not too wet or dry. This allows for a steeper gradient
in the inner excavated slope and helps minimize the width of the terrace. A slope of 1
vertical to 0.5 horizontal (1V:0.5H) is recommended as an average for the inner exca-
vated slope. The riser of the terrace should be approximately 0.75 m. If stones are
available, the risers should be reinforced by construction of a retaining stone wall.

Hillside terraces in Hayelo catchment, Makel Zone
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• Construct the key terrace at the top of the hill first. All subsequent terraces are built
moving down slope at the required horizontal interval.

• Make the first cut right above the contour line and dump soil material immediately
below it.

• Firmly compact the soil of the fill section.
• Use the line level regularly to check that the terrace follows the contour to allow for

quick corrections in case of any errors in the markings of the contours.

Hillside terraces require regular maintenance to keep them in good condition. A cross-
section of a terraced hillside is shown in Figure 5.1.

5.5 MICRO-BASINS
A micro-basin is a small structure that is used to harvest run-off. In Eritrea, half-moon-
shaped (semi-circular) micro-basins are common on sites with modest slopes (5�20%). They
can also be used to complement hillside terraces in areas where there are gaps in the
natural vegetation, or on hillsides where no terraces are to be constructed but where there
are some gaps in the vegetation where physical measures are needed. The size and layout
of half-moon-shaped micro-basins vary according to local conditions.

In most sites, the standard diameter of a micro-basin is 3 m, and it is usually reinforced
by paving stones on the lower and steeper side. This type of micro-basin is constructed in
order to create suitable conditions for tree and shrub seedlings on degraded sites. When
used for planting of trees or shrubs, the primary purpose is to harvest and retain enough
water for the seedling to survive the long dry season. Rainwater harvesting also improves
the growth and survival of naturally occurring young trees and shrubs. It is often prefer-
able and easier to encourage natural regrowth of the local vegetation than to make new
plantings.

Construction of micro-basins is done following the contour line, and the spacing be-
tween two consecutive contour lines is similar to that of hillside terraces, i.e. either 2.5 m
or multiples of 2.5 m. The micro-basins should be constructed using a staggered layout (see
Figure 5.2). The number of micro-basins per hectare will be approximately 700 if the hori-
zontal interval between the contour lines is 2.5 m and the distance between the centre
points of the micro-basins is 6 m. With a horizontal interval of 5 m, the number of micro-
basins per hectare will be half as many.

The outer side of the micro-basins should be consolidated with stones whenever stones
are locally available.

Figure 5.1 Cross-section of a hillside terrace
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5.6 CHECK-DAMS
A check-dam is a control structure built across the floor of a gully, a waterway or a drainage
channel at predetermined intervals.

The purpose of a check-dam built in a gully is to trap soil moving with run-off water in
the gully. Such soil trapping and accumulation above the check-dam leads to a reduction of
the gradient between the check-dams and thus reduces the speed of the water. Eventually
check-dams can stabilize gullies and protect them from further expansion.

There are many types of check-dam:
the most common ones are concrete
dams, brush dams, log-crib dams, gabion
dams and loose-rock dams. A check-dam
should have a spillway, keys and an
apron, as indicated in Figure 5.3a.

In Eritrea, loose-rock check-dams are
widely used, while gabion check-dams
are rare. Gabions are wire-mesh boxes
that are normally 1 m wide and 1 m high
and filled with loose rocks stacked on top
of each other and tied with wire (Figure
5.4). Refer to Appendix 4 for further de-
tails on the use of gabion check-dams.

A loose-rock check-dam should be
about 1�2 m high and about 1 m thick,
with a gap (spillway) in the middle to al-
low run-off to flow through (Figure 5.3).
The width of the spillway should be the
same as the gully bottom, while the ver-
tical interval between check-dams should
be equal to the height of the check-dam.

Figure 5.2 Layout of micro-basins

Gully stabilization using gabion and loose-rock check-
dams at Afelba, Debub Zone
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(The bottom of the upper check-dam should be at the same level as the top of the lower check-
dam. Thus, after siltation, the area between the check-dams will be horizontal.) Maintenance
work on check-dams should be carried out at least annually and after every heavy rainfall.
For reclaiming gullies more than 1 m deep the following measures are recommended:

• Construct a cut-off drain above the gully head to direct the water to a natural or artificial
waterway.

• Reshape the head and sides of the gully to a slope ratio of 1:1 and plant with grasses,
shrubs and trees.

• Construct a stone barrier (check-dam) across the gully. During construction, excava-
tion across the floor and into the sides of the gully is required, and the trench dug
should be not less than 0.5 m deep and 1 m wide. This trench should be extended
0.5 m on both sides of the gully. The check-dam can also be made using gabions.

• Put one or several flat stones (the apron) below the check-dam to break the force of the

Figure 5.3 Loose-rock check-dams
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Check-dams in a completely stabilized gully

water falling through the spillway.
• Plant grasses like vetiver grass and other vegetation such as sisal.
• Repeat construction of consecutive check-dams at regular intervals so that the top of

the spillway is at the same level as the foot of the upper check-dam.
• After subsequent rains the check-dam could fill with soil, and therefore it may be

necessary to add more stones and raise the height of the check-dam.

Figure 5.4 Gabion check-dam
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Chapter 6

Conservation of cropland

Many cultivated areas in Eritrea, particularly in the highlands, are severely degraded
because of continuous cultivation combined with overgrazing, and other poor land man-
agement practices. The land-tenure system also contributes to land degradation. To pre-
vent soil erosion, and for rehabilitation of degraded areas, agronomic and vegetative measures,
including agroforestry, as well as physical conservation measures are required.

6.1 AGRONOMIC CONSERVATION MEASURES
Agronomic measures are those cultural or biological practices for management of annual and
perennial crops that promote soil and water conservation. Such agronomic measures include
use of organic manure and inorganic fertilizers, use of cover crops, crop rotation, intercropping,
crop-residue and organic-matter management, tillage practices, use of trash-lines on contours
and contour strip cropping.

Use of fertilizers
Addition of manure or inorganic fertilizers to the soil increases plant growth, which enhances
the soil cover. This reduces soil erosion. Most farmers apply inorganic fertilizers. The amount
and kinds they may apply depend on the financial resources available for inputs, type of soil,
type of crop and rainfall situation. Some farmers prefer to apply inorganic fertilizers on soils
that have a good moisture-holding capacity, e.g. Vertisols. Crops grown on such soils can
respond better to the application of the fertilizers due to their relatively good access to mois-
ture. The most common inorganic fertilizers applied by farmers are DAP (di-ammonium phos-
phate) and urea. DAP contains 18% N and 48% P2O5

, while urea contains 46% N. Thus, both
of these are highly concentrated fertilizers. A high concentration of the active ingredients is
important in order to minimize transport costs.

There is no standard recommendation for fertilizer application for different crops and
areas in Erirea, but the following rates may be recommended:

• Barley, wheat, maize, sorghum, pearl millet and finger millet: 100 kg DAP plus 50 kg
urea per ha

• Potatoes: 200 kg DAP plus 100 kg urea per ha.

The benefits of using manure are further elaborated below in the section on crop-resi-
due and organic-matter management.

Ogbamichael Afewerki�s household
Ogbamichael Afewerki and his wife Letensea Ghebru live in Kitmewlie village, Makel Zone. They
have 7 children, 3 boys and 4 girls.

Shortage of firewood is a serious problem in the household. The wife and her small children
collect animal dung and crop residues from the fields for household fuel, which contributes to the
depletion of soil fertility. They also have a kerosene stove and use 5 litres of kerosene each week.
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The family own 5 sheep whose manure is collected in a shallow pit dug in front of their house
(hidmo). Each year, they take this manure to the fields to enrich the soil. However, this is not
enough for the 0.6 ha of farmland that the family owns. Thus, they also buy 50 kg of inorganic
fertilizer, mainly DAP. The major crops grown are sorghum, barley and maize. The total grain
harvest from their land varies from less than 300 kg in a poor year to up to 1,000 kg in a good year.
This is not enough to feed the whole family, however, so the father also works as a mason during
the agricultural off-season.

Use of cover crops
The type and density of crops play an important role in determining the level of soil ero-
sion. Bare soils have the highest erosion rates. Thus, the denser the crop is, the better it
protects the soil and, in addition, a large amount of useful crop residues will be produced.
Close and low-growing (short-statured) crops are very effective in the interception of rain-
fall (i.e. reducing its energy) and in limiting soil losses, while tall crops generally have a
lower density and are less effective in reducing soils losses. The crop type also influences
the amount of organic matter available to the plant, and the amount returned to the soil.
When almost all parts of the crop are harvested (grazed or burned), the amount of organic
matter and the stability of the soil will rapidly decrease.

Leguminous crops such as various kinds of peas and beans are important for replenish-
ing soil fertility through their ability to fix atmospheric nitrogen. The maximum benefit of
a leguminous crop is obtained if it is ploughed into the soil as green manure. An ideal crop
for such green manuring should:

• Be fast growing to accumulate much biomass over a short period of time and be suit-
able for areas where the growing period is short. This characteristic is also advanta-
geous because a fast-growing crop covers the soil quickly and suppresses weeds.

• Be able to fix atmospheric nitrogen (many leguminous crops have this ability).
• Be deep rooted to improve soil structure and

recycle nutrients.
• Produce many leaves that decompose easily.
• Provide little competition for moisture for the food

crops
• Preferably have multiple uses.

A field with Vicia faba (English: Horse bean;
Tigrigna: Baldonga)

Lathyrus sativus (English: Grass pea or
chickling vetch; Tigrigna: Sebere)

Cicer arietinum (English:
Chickpea; Tigrigna: Ater)



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

42

But farmers in Eritrea have several reasons other than soil conservation for their choice of
crops:

• Barley is grown in the highlands as an insurance against drought. It is early matur-
ing and can be harvested before the rains come to an end. Barley generally has a
better tolerance of adverse climatic conditions than wheat, and it also provides fodder
for livestock.

• Sorghum and pearl millet are grown in the lowlands due to their drought resistance.
• Maize requires rich soil and plenty of moisture, so farmers prefer to grow it in their

ghedena fields near the homestead where the soil is well manured and bench terraced
to retain sufficient moisture.

• Lablab (Lablab purpureus) is a crop grown in Eritrea that is well suited as a cover
crop for green manuring. It is also a good fodder. (Refer to Appendix 5 for details on
some legumes that are useful for improving soil fertility.)

Tesfom Kifle�s farm
Tesfom Kifle is a farmer in Embaderho. He owns a 0.06 ha ghedena. Some years ago he used to
grow potatoes, but now he only plants maize because of potato blight. He does not take good care
of his ghedena field. The only maintenance work he does is during ploughing when he adds large
soil clods to the terrace and thus increases its height. Unfortunately, his field is not yet quite level;
part is gently sloping and therefore does not conserve moisture as it would if properly levelled. He
says that production in this part of his field is poorer, but he does not make any effort to level the
whole field. Tesfom is satisfied with the yields he gets from his field.

Because the maize in the ghedena field is planted earlier than the crops in other fields, it also
matures early when most farmers have little to eat. So Tesfom collects green cobs every day for
his family until the other crops are ready for harvest. Last year he also sold about 700 kg of maize
cobs on the market. In addition, he gets fodder (weeds and maize stalks and leaves) for his
animals (5 cattle and 1 donkey) during the time of most critical fodder shortage.

Crop rotation
Crop rotation is successive or sequential cultivation of different crops on the same piece of
land. In many traditional agricultural systems in the lowlands cereal crops are continu-
ously grown without rotation. In this situation, the protection of the soil by the crop is less
effective than if there was rotational cropping, mainly due to the decline in the crop�s
performance. In addition, plant pests and diseases thrive better in mono-cropping systems.

Finger millet (Tigrigna: Dagusha)Wheat (Tigrigna: Srnai) Taff, Eragrostis  tef
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Crop rotation with cereals and legumes is generally recommended. Alternating a cereal
crop and a legume (pulses, lentils or beans) provides extra nitrogen to the soil through the
nitrogen-fixing ability of the leguminous crops. The crops generally perform better and the
legumes also provide ground cover during certain periods, all of which reduces the risk of
erosion. The sequence of crops used in the rotation cycle varies from one area to another.
Common crop rotations in the highlands are:

• Sorghum � barley � barley � barley � pulses � fallow
• Chickpea � barley � sorghum � taff � fallow
• Horse bean � barley � sorghum � taff (no fallow)
• Maize or sorghum � barley � taff (no fallow)
• Barley � pulses or flax (oil crop) or potato � fallow
• Barley � wheat � sorghum or maize � pulses (no fallow)
• Barley � wheat � flax � fallow
• Taff � barley � taff � fallow.

Due to the acute shortage of land in the highlands the use of fallow is not as frequent as
it ought to be. If fallow periods are allowed for, it is usually only for one year in every 3�6
year period.

Weldegiorgis Ghebretatios� farm
Weldegiorgis Ghebretatios (66) is a farmer living in Ziban-una village, Mendefera Subzone, Debub
Zone. He has 6 children, of whom two are still small but four are old enough to participate in farm
work. Weldegiorgis owns a pair of oxen and one donkey. He has 5 tsemdi of farmland (approxi-
mately 1.25 ha) divided over five different plots. One plot, about 0.25 ha, can be irrigated, while
the other four plots are rain-fed.

Weldegiorgis practices crop rotation in his rain-fed fields with taff, sorghum, chickpea, grass
pea (Lathyrus sativus), barley and wheat. He rotates the crops as follows:

• Taff � sorghum � chickpea/grass pea � taff, or
• Barley � sorghum � chickpea/grass pea � taff, or
• Wheat � sorghum � chickpea/grass pea � taff.
He does not use manure because the dung that he obtains from his oxen is dried and used as

fuel for cooking in his home. However, he applies inorganic fertilizer (mainly DAP 80 kg per ha and
urea 40 kg per ha) during seasons with good rain.

According to Weldegiorgis, his average yields are as follows:
Crop Yield in good years Yield in bad years

(kg/ha) (kg/ha)
Taff 800 250
Sorghum 1,200 500
Chickpea 400 200
Grass pea 400 200
Barley 800 450
Wheat 400 250

Weldegiorgis emphasized that crop rotation is beneficial in controlling weeds as well as for
increasing soil fertility. The leguminous crops are particularly important.

Crop rotation with grass pea in the foreground and background
and wheat in between

Crop rotation with wheat and horse bean at Afdeyu. The
seasonally waterlogged depression is used for grazing
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In the lowlands, where sorghum, maize and pearl millet are common, farmers are not
familiar with the practice of crop rotation. The same crops are grown continuously on the
same piece of land, and as a result there is increasing depletion of productivity. Therefore,
crop rotation with cereals and legumes should be promoted.

Intercropping
Intercropping is the growing of two or more crops simultaneously on the same field either
in rows or mixed. Combinations of legumes and cereal crops, e.g. beans or peas with sor-
ghum or maize, can help protect the soil against run-off. The leguminous crops can also fix
atmospheric nitrogen, which generally increases production, and tall cereal crops can pro-
vide support for climbing legumes. In this way both crops benefit from one another. Leg-
umes such as beans and cowpeas that provide good soil cover can be intercropped with
maize or sorghum to protect the soil from the impact of raindrops.

Intercropping should be done carefully, so that the inter-planted crop does not cause an
undesired yield reduction of the main crop. It is the combined output of the different crops
that must be assessed and compared with the output of a single crop. Therefore, some yield
reduction of the main crop may be tolerated provided it is compensated by the production
of the additional crops.

The main benefits of intercropping are:
• There is a potential for higher yield, both per unit land area and per unit of labour
• It is an insurance in the expectation that one will harvest at least one of the planted

crops in the event of hail, disease or other climatic hazard damaging the other.

These benefits are derived from a number of different factors:
• More efficient use of light (different layers, different leaf sizes)
• Better soil fertility can be achieved with leguminous crops included in the farming

system
• More efficient use of water and nutrients (different rooting depth)
• Opportunity for compensatory growth, i.e. if one component fails due to climate or

pest problems, the other component may partly compensate for the shortfall
• Breaking the cycle of increased diseases, insects and weeds that is a common feature

of a mono-cropping system.

Many farmers in Eritrea mix barley and wheat seed and plant the two crops together
(the mixture is called hanfets). Some advantages of this system are that the incidence of
pests is reduced, combined yields are often high and this mixture of grain can be used to
make flour for high-quality local bread (kitcha). This practice also reduces the risk of com-
plete crop failure as barley is more drought resistant than wheat. However, barley ma-
tures first, before the wheat. Since both crops must be harvested simultaneously, there is a
risk of shattering the barley, which is very ripe at harvest time. To avoid this, farmers
harvest these crops early in the morning when the heads of grain are not too dry.

Crop-residue and organic-matter management
Dry grass, straw, maize and sorghum stalks, dry leaves and other crop residues can be
spread on the bare soil surface or placed around the stems of plants to control soil erosion
and conserve moisture. This mulch layer also obstructs run-off water and reduces its veloc-
ity and capacity to transport soil.

Even when a field is completely covered by growing plants, mulch can still have an
important effect in reducing soil loss. However, mulching is not recommended on heavy
clay soils with waterlogging problems because it impedes the effectiveness of the shallow
drainage ditches that are common and often necessary on such soils. Crop residues are
used for mulching not only to protect the soil against run-off but they are also a good source
of organic matter when decomposed in the soil.
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Another very important source of organic matter is animal manure. However, animal
manure must be well decomposed by several weeks or months of storage before it is used.
If collected animal manure is exposed to rain or sun its nitrogen content can be leached or
evaporated and the nutrient value of the manure decreases. To prevent this, manure should
be kept in a covered pit before it is applied on the field and then covered with soil soon after
its application.

The use of animal manure for fuel is, of course, detrimental to the recycling of organic
matter and nutrients. Use of fuelwood or other sources of energy could allow the animal
manure to be used for fertility improvement. This would lead to improved productivity.
Tree planting is an essential first step in this direction.

The farm of Sbhatu Ghebrekiristos and Woini Fsehaye
Sbhatu Ghebrekiristos and Woini Fsehaye are a husband and wife living in Kitmewlie village in
Makel Zone. They have two children and own 0.4 ha of farmland on which they grow sorghum,
maize, barley, finger millet and taff.

In front of their hidmo there are 60 Eucalyptus cladocalyx trees that were planted in 1992.
According to Woini (whom we interviewed), the trees are intended for construction poles for reno-
vating their hidmo. She also expects to obtain firewood from the trees if they grow well. As with
other village households, they also cut and collect one load of Acacia etbaica for firewood three
times a year, and collect animal dung and crop residues from the field for fuel. They have a
kerosene stove and use 4 litres of kerosene every 3 weeks.

The family has one ox. The manure from this ox is made into �cake� and used for fuel. House-
hold waste, including ash from burnt dung and wood, is collected in a pit near the house and used
later to fertilize the fields. However, this is not sufficient to fertilize the whole farm and therefore
they also buy inorganic fertilizers such as DAP and urea.

In Eritrea mulching is not widely practised because of shortage of grazing land and lack
of awareness of its benefits. Crop residues are used as livestock feed during the dry season
or as a source of fuel. Manure and compost are, however, used in limited areas such as in
homestead farms and in intensively managed ghedena fields.

Preparation of compost
Composting means storing and mixing crop residues, cow dung and other animal waste,
kitchen household waste and other organic matter for quick decomposition. The decom-
posed organic matter is known as compost. Addition of compost to fields improves soil
fertility and soil structure and thus also moisture-retention capacity and aeration of the
soil.

There are two methods of preparing compost, namely the pile method (Figure 6.1) and
the pit method (Figure 6.2). The pile method is mostly used in areas with relatively higher
rainfall such as Semenawi-Bahri and in the south-western part of Eritrea, while the pit
method can be recommended for the rest of the country. Compost should be prepared in an
area that is protected from wind, rain, sun and run-off.

Overgrazed area in need of better management Donkeys grazing after harvest
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The following steps are recommended for the pile method:
1. Dig a shallow pit about 30 cm deep, 1.2 m wide and 1.5 m long, the exact size depending

on how much composting material is available. Put the soil on one side of the pit.
2. Put rough and chopped plant residue in the pit as a bottom layer about 30 cm thick.
3. Add a second layer of grass or dry vegetation about 15 cm thick. Sprinkle water on each

layer to make it moist.
4. Put in a third layer of animal manure and spread some ash on this layer.
5. Make the next layer of green vegetation about 15�20 cm thick, and sprinkle on a little

of the topsoil.
6. Repeat this process until the pile is the desired size.
7. Cover the pile with leaves and about 10 cm topsoil, then sprinkle water about every 3

days depending on the weather. If it is raining, there is no need to water.
8. Push a pole several times into the pile to make aeration holes that will allow air to

penetrate the lower layers of the compost.
9. Take a long, sharp-pointed stick and drive it into the pile at an angle so it passes

through the pile from top to bottom. This stick will act as a �thermometer� to allow you
to check the condition of the compost. After three days, decomposition will have started
in the pile, and the stick will be warm when you pull it out. Pull the stick out once a
week or so to check progress in decomposition. You can tell from the stick how dry or
wet the pile is: it should be moist but not wet. If the stick becomes covered with a white
fluffy fungal growth, then the pile is too dry and should be watered.

10. After 2�3 weeks the pile should be turned over, and again after another 2�3 weeks.
This is done by shifting the compost to another pile so that the material from the top of
the first pile is placed at the bottom of the second pile. Do not add any fresh material
except water. You must turn the pile if the �thermometer� is cold when you pull it out or
if a white fluffy substance on it shows that the decomposition has stopped.

11. The compost should be ready to be used after 4�8 weeks.

The following steps are recommended for the pit method:
1. Dig a rectangular pit about 1.2 m wide and 0.6 m deep and 1.5 m long.
2. Build a pile in the pit, using the same method of layering the materials as in the pile

method.
3. Add water when necessary.
4. Push a pole into the pit to make aeration holes that allow air to penetrate the lower

layers of the compost.

Figure 6.1 The pile method of making compost

Thermometer �
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Maize or sorghum stalks

Green vegetation
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5. Check the condition of the compost with a long, sharp, pointed stick. Use the same method
as for the pile method.

6. Turn over the compost every 2 weeks. The compost should be ready for use after 4�8
weeks.

When the compost is well decomposed, it can be applied at the rate of up to 20 tonnes
per ha, but only smaller amounts will be available for the small-scale farmer. Compost is a
valuable product and should first of all be used for high-value crops and crops that require
a good soil. Since compost is heavy, composting should be done near the field where it is
supposed to be used. Compost and manure should be covered with soil immediately after
they are applied. Exposure to the hot sun results in loss of nitrogen and thus reduction of
the value of the compost as a source of plant nutrients.

Sumon Tsegai�s preparation of compost using the pit method
Farmer Sumon Tsegai is from Afdeyu village in Makel Zone. He makes compost using the pit
method. The pit is on the lower side of his house. The pit is about 0.5 m deep and about 1.5 m
long. The source of compost material is animal manure, ash, kitchen household waste and top-
soil. Initially, the farmer collects the manure (mostly from goats, sheep and chickens) and puts it in
the bottom of the pit as the first layer, followed by a layer of ash. Then, crop residues and kitchen
household waste, including ash, are put in gradually as they become available. Once the compost
is beginning to decompose, he continues to put these materials into the pit without using any fixed
sequence of layers, depending on what first becomes available. He usually uses maize stalks as
the last layer to cover the pit. For watering, the farmer diverts roof water into the pit during rains.
In addition, he also adds wastewater from the household when it is available. When the compost
is fully decomposed, during the months of March and April, he transports and spreads it on the
nearest farm, the ghedena, which is mostly planted with potatoes and maize. Sumon Tsegai
realizes that he gets better yields even with a small application of compost.

Figure 6.2 The pit method of making compost
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Different mixtures of compost, ash and manure on a vegetable
field at Maereba, Debub Zone
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Tillage practices
Tillage and planting along the contour, i.e. across the slope instead of up and down the
slope, is a simple but effective method in reducing soil erosion. Each planted row of crop
acts as a barrier to run-off water flow (Figure 6.3). Contour tillage and planting alone can
be effective on gentle slopes up to about 8%. On steeper slopes, other supporting measures
such as grass strips or terraces must be used (Figure 6.4).

Soils should only be tilled when the soil moisture content is favourable. Very dry or wet
soils should not be tilled, and certainly not saturated soils. A dry soil is too hard, and if the
soil is too wet it becomes muddy and too heavy for oxen to pull a plough.

Trash-lines on the contour
Trash-lines are constructed by laying plant residues, or �trash�, in lines along the contour.
Trash-lines help to slow down the flow of run-off and trap eroded soil. The trapped soil
builds up into a bench terrace over a period of time, but only if the trash-lines are kept in
the same place from year to year. On very steep land, farmers sometimes put in pegs on the
lower side of the trash-line to prevent them from being washed away.

Figure 6.3 Contour ploughing and crop ridging are better options than
tillage up and down the slope

Figure 6.4 Reduction in soil loss from a field as a result of the introduction of
conservation practices
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Contour strip cropping
Contour strip cropping is the practice of growing alternate strips of different crops in the
same field. Strip cropping is used to reduce water and wind erosion. In order to control
water erosion, the strips are always on the contour, but in areas prone to wind erosion the
strips should be placed across the direction of the prevailing wind. To achieve a good crop
rotation, the crops should alternate between the strips, and for strip cropping to function
well, both the uninterrupted length of a sloping field and the width of the strips should not
exceed certain limits. Those limits depend on the gradient (Table 6.1). If a field is longer
than the prescribed maximum length it must be subdivided by terraces that can effectively
intercept run-off.

Table 6.1 Maximum strip width and reduction in soil loss from strip
cropping

Slope Maximum strip Maximum length Reduction in soil
gradient (%)  width (m)  of field (m) loss (%)

1�2 40 240 50�70
3�5 30 180 60�75
6�8 30 120 60�75

9�12 25 72 50�70
13�16 25 48 40�65

Source: Wijntje 1983.
Note: Reduction of soil loss has been calculated based on comparison between up- and
downhill cultivation.

Strip cropping as a method of soil conservation is based on the principle that the risk of
soil erosion is different for different crops. The risk is generally high in tall and widely
spaced crops, whereas crops that provide good cover near the soil surface result in a lower
erosion risk. In general, therefore, densely growing crops such as barley should be alter-
nated with strips of more widely spaced row crops such as maize. The main function of the
densely growing crop is to slow down the velocity of water run-off and to intercept soil that
is transported with it. Since the run-off flow stays longer in a strip with the densely grow-
ing crop than in a strip with the wider-spaced crops, the degree of water infiltration into
the soil there also increases.

Soil loss under strip cropping can be reduced by 40�70% of what it would be if only tall,
widely spaced crops were grown and the land was cultivated up- and downhill. Strip crop-
ping is an effective soil conservation measure provided that the slopes are not too steep or
too long (see Table 6.1). In addition, strips of closely grown crops can also improve soil
structure if the organic matter is ploughed back into the soil. This is easier for dense and
low crops than for tall ones like maize or sorghum.

For purposes of erosion control, the rotational periods of contour strip cropping should
not be more than two years. It has been found from research in Kenya, for example, that
the residual effect and erosion control provided by Eragrostis curvula grass, which is simi-
lar to taff, is best in the first year, with a diminished effect in the second year and no effect
at all in the third year. The common densely growing crops used for contour strip cropping
are barley, taff, wheat and forage legumes, while the common wider spaced crops are maize,
sorghum and pearl millet.

Contour strip cropping as a soil conservation measure is not practised in Eritrea, but it
is widely practised elsewhere. It is a simple and cheap technology that should be promoted
in Eritrea.

Grass strips along the contour
Unploughed grass strips along the contour serve as barriers which capture soil particles
that have been detached and are transported with run-off from the cultivated land. The
strips should be about 0.5�1 m wide and spaced at normal terrace spacing (a maximum
vertical interval of 1.8 m, see below, Section 6.3).
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Grass strips are effective soil conservation measures on soils with good infiltration and
slopes up to about 3% (Thomas et al. 1997).

Grass strips should have a very dense growth near the soil surface to effectively slow
down run-off and retain eroded soil. As run-off is usually only a few centimetres deep, it is
most important that the grass strip is dense at the ground level and without gaps. Direct
grazing of grass strips reduces their effectiveness and should thus be avoided as much as
possible. Grass strips lead to the formation of terraces, mainly because of deposition on the
upper portion of the strip.

Preferably, grass strips should be permanent and allowed to develop into terraces. Some
farmers may, however, prefer to have rotational grass strips. In this case, at intervals of
some years, new strips are left while old ones are ploughed in. In this way the benefit of
increased organic matter will be distributed more widely on the field. But this method
hinders the development of terraces.

Usually the natural vegetation is used for grass strips in Eritrea. But grasses may also
be planted in strips. Vetiver grass (see Appendix 6), which is relatively unpalatable to
animals, can be recommended in areas that are grazed during the dry season.

6.2 AGROFORESTRY
�Agroforestry� is defined in a variety of ways by different authors, but there is general agree-
ment that it is a collective name for land-use systems involving trees associated with crops
and/or animals on farms or in the landscape.

Young (1989) defined agroforestry in a comprehensive way as �a collective name for
land use systems in which woody perennials (trees, shrubs, etc.) are grown in association
with herbaceous plants (crops, pastures) and/or livestock in a spatial arrangement, a rota-
tion, or both, and in which there are both biological and economic interactions between the
tree and non-tree components of the system�. Woody perennials include all trees and shrubs
with a lifespan of more than a year, but they also cover bamboo and palms.

Grass strip in a taff fieldA grass strip developing into a bench terrace

Agroforestry contributes to sustainable land
use
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ICRAF (2000) defined agroforestry as �a dynamic, ecologically based natural resources
management system that, through the integration of trees in farms and in the landscape,
diversifies and sustains production for increased social, economic and environmental ben-
efits for land users at all levels�.

Agroforestry fulfils both productive and service functions. Its production functions in-
clude fuelwood, fodder, fruit and a range of other useful minor forest products such as
gums, medicinal products and thatching materials, while service functions include shade,
fencing, and soil and water conservation.

In this manual we emphasize those agroforestry practices that are related to soil and
water conservation and relevant to Eritrean conditions.

Parkland agroforestry/scattered trees on cropland
Agroforestry has been practised for many centuries in Eritrea. The best-developed indig-
enous agroforestry system at present is the �traditional parklands�. In this system, widely
spaced pollarded trees grow in croplands of sorghum (Sorghum bicolor), millet (Pennisetum
glaucum) and taff (Eragrostis tef). Livestock rearing is also part of this farming system.
The system is very similar to that of the semi-arid Sahelian zone of West Africa, e.g. in
Burkina Faso and Niger.

In this agroforestry system, Faidherbia albida, Balanites aegyptiaca and Acacia tortilis
are traditionally managed for their favourable effect on both crops and pasture grasses
growing beneath them, and for the provision of fuel, fodder, fruit, shade and shelter (Bein
1997).

Table 6.2 Some examples of parkland agroforestry in Eritrea

Specific site Zone Subzone Combination of woody perennials
and field crops

Begu Anseba Hagaz Balanites aegyptiaca with pearl millet
Adi-berbere Gash-Barka Lailai-gash Balanites aegyptiaca with sorghum
Hadas-agulae Debub Mai-aini Cordia africana with maize, sorghum, taff
Hazemo Debub Tsorona Balanites aegyptiaca, Acacia tortilis with

taff, sorghum
Aila-ghundet Debub Adi-quala Balanites aegyptiaca, Faidherbia albida

with taff, finger millet
Meraguz Debub Emni-haili Faidherbia albida with taff, sorghum
Dongolo-lailai Semenawi-Keih-Bahri Ghinda Balanites aegyptiaca with maize
Rora-habab Semenawi-Keih-Bahri Nakfa Olea africana with barley

In the parklands listed in Table 6.2, there are
10�20 trees per hectare. A tree density of 40�60
trees per hectare would be expected to improve the
productivity of the system. However, farmers in
these areas pollard the branches of these trees too
much for fencing material and firewood, and occa-
sionally even cut the stem for construction. These
activities, if not combined with planting of new trees
or tending of natural regrowth, result in a gradual
decrease in the density of trees. Therefore, enrich-
ment planting, or care of natural regrowth with
proper protection and management, is vital to bring
about a sufficient density of the tree stand.

In order to do this it is necessary to:
• Discuss the benefits of agroforestry with the

community

Pollarded Faidherbia albida at Adi-tseadi,
Debub Zone. There are many benefits if
leguminous trees are also part of the farming
system
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• Train farmers as to which branches of a tree can be removed during pollarding with-
out damaging or killing the tree

• Supply farmers with seedlings of useful trees and shrubs so that they can enrich their
parklands

• Train farmers to be observant of natural regrowth and discuss suitable protection and
management of young trees.

Windbreaks and shelterbelts
Windbreaks are strips of trees and/or shrubs planted to protect fields, homes or other areas
from wind and blowing soil. Shelterbelts, a form of windbreak, are long rows of trees and
shrubs planted many rows wide and across the prevailing wind. Windbreaks usually con-
sist of multi-storey strips of trees and shrubs with grasses often being planted at the base
of the tree to prevent the wind from scouring the soil (Rocheleau et al. 1988).

Results of experiments on the effect of shelterbelts on wind speed and soil erosion in
Rajasthan in the arid and semi-arid part of India showed about 50% reduction in the mag-
nitude of wind erosion and soil-nutrient loss (mainly nitrogen, phosphorus and potassium).
In this study, shelterbelts of Prosopis juliflora, Senna siamea and Acacia nilotica were
used (Shankarnarayan et al. 1987).

In Eritrea, windbreaks and shelterbelts are planted to protect irrigated farms and set-
tlement areas from desiccating winds. For example, on Elabered Estate Farm, Azadirachta
indica (neem) trees have been planted in rows to protect the citrus and vegetable fields. In
the same way, Senna siamea, Azadirachta indica and Delonix regia were also planted on
one small irrigated farm in Daerotai that produces onions, tomatoes and okra.

In the eastern lowlands, where the wind problem is severe, shelterbelts of Conocarpus
lancifolius, Azadirachta indica and Prosopis chilensis have been planted as protection
against wind damage. Conocarpus and Prosopis shelterbelts in Amatere (at the periphery
of Massawa), and Conocarpus shelterbelts in Menkaka and Harsile near Assab are some
other examples that can be cited.

In the central highlands, Schinus molle, Eucalyptus camaldulensis, Eucalyptus
cladocalyx and Eucalyptus globulus have been planted around settlement areas as wind-
breaks and to produce firewood and construction poles. Parkinsonia aculeata and Acacia
saligna have also been planted in many forest nurseries as windbreaks. Other potential
species for windbreaks in the central highlands are Juniperus procera, Faidherbia albida
and Acacia polyacantha. However,  shelterbelts in Eritrea are rarely multi-storeyed. They
could be improved by planting low-growing species on both sides.

Establishment of windbreaks
Any propagation method is suitable, and for planting on large-scale farms seedlings raised
in nurseries may be most suitable. A windbreak should be planted at right angles to the
prevailing wind. It can either consist of a single row of trees with a spacing of 1.5�2.0 m, or

Shelterbelt of Conocarpus near Massawa
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more than one row with a spacing of 4�5 m within the rows. In addition, a line of shrubs
spaced at approximately 1 m can be planted on the side facing the prevailing wind (Tengnäs
1994). Where browsing damage by domestic or wild animals is a problem, farmers may
establish an outer living fence of densely spaced unpalatable or thorny species, such as
Caesalpinia decapetala, Dovyalis caffra, Agave sisalana, Acacia mellifera, or Ziziphus spina-
christi. This requires considerable planning since the fence must be established well before
the windbreak is planted in order to provide adequate protection. In Eritrea temporary
thorny branches can be used for protection of individual tree seedlings, especially if the
windbreak is a single row. In addition, care should be taken during the planning so that
competition between trees and annual crops is minimized.

Management of windbreaks
A windbreak must be managed in order to maintain correct density and structure, with
harvesting being carried out with care. Farmers may pollard windbreaks to maintain the
proper canopy density and provide wood products. By doing this, wood can also be har-
vested without sacrificing the windbreak. One may either partially pollard every tree (trim-
ming branches overhanging the fields), or if there are two rows of trees, one row can be
fully pollarded (Tengnäs 1994).

In areas where rainfall is low, the seedlings planted for windbreak or shelterbelt forma-
tion cannot survive the long dry season. Under such conditions watering is required during
the establishment stage. It is recommended to water at a rate of about 30 litres per tree,
twice a week during the dry season for the first two years after planting. Watering is
expensive and labour intensive and can only be recommended in special situations.

Trees, shrubs and grasses on soil conservation structures
In the Central Highlands of Eritrea, structures such as soil bunds, stone bunds and bench
terraces are constructed to conserve soil and water in cropland. On the upper part of the
catchments, hillside terraces and half-moon-shaped micro-basins are also constructed.

The role of trees and shrubs in erosion control can be both supplementary and direct. In
supplementary use, the trees and shrubs are not the primary means of checking run-off
and erosion but fulfil the function of stabilizing conservation structures and making pro-
ductive use of the land that they occupy. This applies well to the practice of growing trees
on erosion-control structures. In the direct method of use, the trees and shrubs planted in
rows along the contour are in themselves a method of reducing erosion. This function is
best performed if the trees or shrubs are trimmed to hedgerows, in which case branches
can be placed above and between the trees as a trash line.

The planting of trees, shrubs and grasses on soil and water conservation structures of
croplands is not well developed in Eritrea. However, Acacia polyacantha has been planted
on soil bunds in some parts of Debub Zone. Although no quantitative data are available to
show the degree of soil conservation and increased crop yield contributed by the trees, the
effects were seen to be favourable.

Benefits
Farmers derive a number of benefits from combining trees, shrubs and annual crops with
soil conservation structures. For one thing, trees and shrubs complement the improve-
ment derived from terrace structures. These may include stabilizing slopes, conserving
topsoil and increasing water availability below the soil surface. Trees planted on terraces
and bunds may also affect temperature, wind, soil moisture and soil fertility in ways that
are beneficial to crops, and all these effects result in an increased stability and, accord-
ingly, an increased yield (Rocheleau et al. 1988).
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Species selection
It is important to select the right combinations of trees and crops. Some trees compete
severely with crops, e.g. eucalyptus, and such trees should not be planted on soil conserva-
tion structures in cropland. They are, however, useful if planted as woodlots due to their
fast growth and valuable production. Faidherbia albida, Acacia abyssinica and Acacia
polyacantha are good choices for windbreaks.

Spacing and establishment
Trees should be planted in lines along the contours. A suitable spacing for the tree seed-
lings is 2�2.5 m and for shrubs 0.5�1.5 m, but in low-rainfall areas the spacing should be
wider due to moisture competition between seedlings. Grass strips can be planted in 2�3
rows along bunds 30 cm apart between plants and 40 cm between rows. Some grasses can
also be sown directly on the bunds by broadcasting at a rate of about 4�6 kg per 100 m of
bund. If grasses are to be grown together with trees and shrubs, the grasses should be
planted later to avoid competition for water.

Frequent trimming of shrubby and thorny species such as Acacia polyacantha is neces-
sary to maintain a low thick hedge. Where trees become big enough for pole production or
for timber, side pruning of branches is necessary until the desired height of the tree is
achieved and then the trees can be pollarded (all branches as well as the top of the tree are
cut and only the trunk with a few thick branches are left to sprout again). Measures to
protect individual trees against livestock are very expensive. Exclusion of livestock and
the use of a cut-and-carry system are better options. Exclusion of livestock also minimizes
damage to terraces or other soil conservation structures. Cut and carry, however, involves
more work for the farmer and this may not always be acceptable.

Positive management interaction
The presence of trees in this system benefits the crop, while the protection and attention
given to the crops helps ensure the survival and growth of trees. This is because:

• The trees are watched and protected from grazing, especially during the cropping season
• The trees are weeded at the same time as the crops and thus have less competition

from weeds
• The trees benefit from the applied fertilizers leached below the level of the crop roots.

The trees, on the other hand, benefit the crops by:
• Adding nutrients to the soil through nitrogen fixation, green leaf manure, root decom-

position, increased populations of soil organisms
• Conserving soil by the roots, leaf litter and windbreaks
• Conserving water through the effects of shade and the windbreak and increased or-

ganic matter in the soil
• Reducing weeds, thus reducing competition between the weeds and agricultural crops.

A case for promotion
To show farmers the importance of planting trees and shrubs on soil conservation struc-
tures, three demonstration sites have so far been established. Two of those, Kelayat and
Mailewia in Debub Zone, were established by the Ministry of Agriculture in 1995. Trees
and shrubs planted in these demonstration sites are Acacia saligna, Leucaena leucocephala,
Acacia polyacantha, Cordia africana, Parkinsonia aculeata, Grevillea robusta and Acacia
mearnsii. In a similar way, the Forestry Research Unit has also established a demonstra-
tion plot at Halibmentel, Anseba Zone.

Elephant grass and legumes like lablab on fanya juu bunds have been planted down-
stream of Adesfeda dam, Makel Zone, in fields with barley, wheat, potato and other vegeta-
bles. The performance is very good and the grass and legumes have stabilized the bunds.
In addition, farmers started to cut the grass and legumes to feed to their animals. Vetiver
grass, which is good for stabilization of soil conservation structures but not palatable for
livestock, has also been planted on soil bunds in Afdeyu and Gheshnashim, Makel Zone.
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Live fencing
A live fence is undoubtedly one of the most useful agroforestry techniques. A live fence is
established with the main objective of controlling the movement of domestic animals. Live
fences are also used as ornamental plantings, for micro-climatic improvement, land de-
marcation, soil and water conservation, provision of security or privacy and to provide
shelter for backyard poultry. Other benefits can include production of fuelwood, fruit, fod-
der and fibre.

In the Central Highlands, live fences are found around many homesteads, schools, church
and mosque compounds. Euphorbia tirucalli is grown around residential houses in Debub
Zone, while Euphorbia abyssinica is grown in rows around farmlands and homesteads in
Logo-anseba in Gash-Barka Zone. Opuntia ficus-indica is planted around houses in many
villages of the eastern part of Debub Zone, especially in Segenaiti, Akrur, Hebo, and in
some villages in the Smejana area. Another important species, which is frequently used as
a live fence, is Agave sisalana. This species is planted around farmlands and homesteads
in Makel Zone.

Establishment
Live fences require many seedlings and hence it is better to establish them by cuttings or
by direct seeding. If directly sown, the line should be covered with thorny branches to
protect the germinating seedlings. The seeds are best sown in two rows and densely, not
more than 15�30 cm apart both within and between rows, to encourage the formation of a
thick impenetrable fence. Seeds, seedlings or cuttings should be arranged in two staggered
rows (Tengnäs 1994).

Euphorbia abyssinica, Euphorbia tirucalli and Opuntia ficus-indica are propagated
from cuttings, while Parkinsonia aculeata and Dovyalis caffra are established from seed-
lings or seeds. Hedges from trees and shrubs, such as Cupressus lusitanica and Dodonaea
angustifolia, are also established from seedlings, and trimming is carried out at the end of
the dry season to maintain the required hedge height and thickness (0.5�0.8 m). Agave
sisalana is propagated through bulbils (small seedlings produced on the flowering stem).
Each flowering sisal plant produces many bulbils and they will form a thick fence after a
few years and if they are well planted and cared for. The spacing between the bulbils
should be 30�50 cm, preferably planted in two or more rows so that they can grow dense
and compact. At the establishment stage, however, the fences and hedges should be pro-
tected from livestock browsing and may need watering during the first dry season.

6.3 PHYSICAL CONSERVATION MEASURES
Physical soil conservation measures on cropland are generally engineering works. Various
structures are built using earth, stone or masonry. They are designed to reduce the effect
of slope length and to intercept and slow down run-off water. This reduces erosion. The
intercepted water soaks into the soil, resulting in a useful addition to the groundwater.

Ghedena field with live fence of Opuntia
ficus-indica at Maereba, Debub Zone.

Gaps in the fence need to be filled in by
additional planting
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Conservation structures are usually made by hand labour, or more rarely with machin-
ery. In Eritrea, physical measures are used to supplement the biological ones where it is
found that biological measures alone are not sufficient. This may, for example, be the case
on steep slopes where annual and perennial crops are grown. The main physical conserva-
tion measures on cropland are:

• Terracing
• Diversions (cut-off drains)
• Waterways
• Physical work for gully control.

Terraces
Soil conservation terraces on croplands are artificial earth or stone embankments, or com-
bined channels and embankments, constructed across sloping land at a fixed or calculated
vertical interval down the slope. The important effect of terraces is to reduce the erosive
force of the run-off water.

If some form of barriers, e.g. stone bunds or grass strips arranged and aligned on the
contour, soil accumulates in the zone above the barriers. The transport and deposition of
soil within the field can thus be used to gradually decrease the slope gradient by formation
of terraces.

There are different types of terraces. The types commonly used in Eritrea are fanya juu
terraces, channel terraces (fanya chini), bench terraces and stone bunds. (The terms �fanya
juu� and �fanya chini� originate from Swahili. Fanya juu literally means �make upwards�
and fanya chini �make downwards�, each term referring to the way the two types of ter-
races are constructed.)

Fanya juu terraces
A fanya juu terrace is constructed by digging a trench and throwing the soil uphill to form
an embankment. A fanya juu terrace can be developed into a bench terrace if enough soil
moves down slope and lodges above the embankment. A fanya juu terrace should be de-
signed to trap run-off above the embankment, otherwise if the run-off passes over the top
the terrace will be eroded. In addition, if there is no trench below the embankment the run-
off will pass on down slope and cause further damage.

In Eritrea, fanya juu are recommended on gently or moderately sloping farmlands (up
to 35% slope) with deep soils.The size of a terrace depends on the distance between ter-
races (the vertical interval, see below), the slope and the infiltration capacity of the soil.
The Eritrean design is, however, standardized with the recommended width and depth of
the trench being 1 m and 0.5 m, respectively. The height of the bund should be about
0.75 m.

Fanya juu with good grass cover on the
riser, Adi-asfeda, Makel Zone
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The vertical interval between two consecutive terraces is normally 1 m, but it can be
modified up to 1.8 m depending on the slope. A vertical interval of 1 m is recommended on
gentle slopes, but the vertical interval must be increased on steeper slopes to get wider
terraces. This is essential since there must be enough space for a pair of oxen to be able to
turn round during ploughing.

Maintenance of terraces is important. It is especially important to maintain the em-
bankments. If the embankment breaks, the soil and silt that have been washed down on
the lower terrace should be removed and thrown up slope to repair and reinforce the em-
bankment.

Narrow-based channel terrace (fanya chini)
Digging a trench along the contour and throwing the soil on the lower side makes a chan-
nel terrace. If the embankment below the channel is narrow, the resulting structure is
called a narrow-based channel terrace or fanya chini terrace. It is the opposite of fanya juu
since soil is thrown downhill instead of uphill. Such terraces are only recommended on
gently sloping farmlands with up to 20% slope.

The width of the trench should be 1 m and the depth 0.5 m. The height of the bund
should be 0.75 m, and on the lower side of the bund the soil can be consolidated using loose
stones whenever they are available.

The vertical interval between two consecutive terraces is determined in the same way
as for fanya juu (1 m, but can be modified up to 1.8 m on steeper slopes to accommodate
oxen while ploughing). Silt tends to be trapped in the channel, therefore accumulated silt
must be removed regularly.

Bench terraces
These are level or nearly level terraces constructed on the contour and separated by em-
bankments (risers). They can be formed by excavation or may develop over time from a
grass strip, hedges, trash-lines, or from fanya juu and channel terraces. They are mainly
constructed on relatively steep slopes (more than 35% slope) that have to be cultivated due
to shortage of flat or gently sloping arable land. Bench terraces convert land into a series of
flat or nearly flat steps resulting in a reduction in both the effective length of slope and the
gradient of the cultivated land on each terrace.

Figure 6.5 Fanya juu terraces with a vertical interval of 1.50 m
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Figure 6.6 Fanya chini terraces with a vertical interval of 1.50 m
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If bench terraces are to be constructed by excavation, the fertile topsoil should be col-
lected at one side of the terrace. The soil should be levelled and then the collected topsoil
must be spread over the levelled ground. This prevents the loss of fertile soil. The riser
should be compacted with a shovel and planted with grasses. Two common types of bench
terraces in the highlands of Eritrea are level bench terraces and stone-faced bench ter-
races.

The vertical interval between bench terraces is 1�1.8 m. The bigger vertical interval is
chosen whenever the slope is steep to ensure that the terrace will be wide enough for oxen
to turn around when ploughing.

Stone-faced bench terrace at Afdeyu, Makel Zone Bench terraces at Sabur area, Semenawi-Keih-Bahri Zone

Stone-faced terrace under construction at Afdeyu, Makel
Zone

Ghedena with potato and horse bean (Vicia faba) in crop
rotation at Mekerka, Makel Zone

Figure 6.7 Profile of level bench terraces with a vertical interval of 1.80 m

Bund stabilized �
with grass

Original slope

1.80 m
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Stone bunds
Stone bunds are constructed on steep farmlands where the soil is shallow and large quantities
of stones are available. They are usually constructed in areas where there is a high population
density and a shortage of arable land, resulting in steep land with shallow soils being culti-
vated. The bund, which should be about 0.5 m wide and 0.75 m high, is made of stones laid in
ridges along the contour. The vertical interval between consecutive terraces is similar to the
other terraces. If well maintained, terraces will gradually be formed due to the accumulation
of soil above the bund. Such terraces are common around Adi-quotoyo in Adi-quala Subzone.

Diversion ditches
A diversion ditch is a graded channel designed to intercept surface run-off and convey it
safely to an outlet or waterway or, if so desired, into a farm (in low-rainfall areas). A diver-
sion ditch usually has a larger capacity and steeper gradient than a terrace channel. In
some areas, diversion ditches may be essential for protection of cultivated land against
run-off from slopes higher up. Diversions may also be used to control gully erosion.

The design of diversion ditches should be based on the outlet conditions, topography,
kind of land use and soil type. The bottom width may vary from 0.6 to 1.4 m and the top
width from 1.2 to 2.8 m. The depth of diversion ditches can be 0.3�0.7 m. On large mecha-
nized farms the side slope of the channel should be 4:1, but in small-scale farming a steeper
gradient of up to 1:1 is recommended to save land. (See Section 13.14 and Appendices 7 and
11 for details on how to calculate the size of a diversion ditch.)

To achieve effective protection of farmland, the diversion should be constructed be-
tween uncultivated and cultivated land. Such ditches are called cut-off drains.

The channel gradient used for light sub-soils (sandy silt and sandy loam) is 0.1%�0.2%
and for heavy sub-soils (clay and clay loam) it is 0.4%�0.5%. For small discharges about 1%
gradient can be used. In order to minimize the risks of sedimentation and over-topping, the
diversion ditch should not be long.

A diversion ditch should preferably be constructed before the land below it is terraced,
and the construction should start from the outlet end. The soil from the ditch should be
placed on the downward side to form an embankment.

The cross-section shape of a diversion ditch made by machinery is normally triangular
or parabolic, whereas if it is done by hand labour it can be trapezoidal or parabolic, depend-
ing on the tools used (see Figure 6.8).

The excavated soil forms an embankment. A 15�30 cm berm (strip or ledge) is left between

Stone bund stabilized with grass and developing into a
bench terrace

Stone bund. Note cultivation along the contours
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the embankment and the channel in order to prevent sliding of the soil. A good grass cover
should be established on the embankment, and a strip of grass should be planted along the
upper edge to prevent the inflow of sediment (Figure 6.9).

In Eritrea most farmers use diversion ditches to direct water coming from the upper
catchment into their farmlands. However, in places where there is relatively high rainfall,
and in areas with Vertisols in the south and south-western part of the country, diversion
ditches are used to let the water drain out from the farmland to the natural or artificial
waterway.

Waterways
Waterways are needed to conduct run-off safely from hill slopes to valley bottoms where it can
join a stream or river. Where there is a natural depression or small valley that is well stabi-
lized with vegetation this may be adequate to take the discharge from diversion ditches or
graded terraces, but where there is no such natural waterway, an artificial waterway (drain-
age way) must be installed.

Artificial waterways are of various shapes (e.g. trapezoidal, parabolic, rectangular or
triangular; Figure 6.8) depending on the discharge expected and the material used for
stabilization, i.e. whether grass, stone, masonry or concrete (Figure 6.10). Grassed water-
ways are usually trapezoidal or parabolic and wide and shallow to allow water to flow in a
thin sheet. Where slopes are steep, grassed waterways should be made wide enough to
spread the water and prevent high velocities of the water.

Figure 6.9 A diversion ditch

Parabolic

Rectangular

Trapezoidal

Triangular
Figure 6.8 Different cross-section
shapes for diversion ditches
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reduce sedimentation�
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Earth embankment �
stabilized with �
grass for fodder

Berm or small ledge to �
prevent loose soil �

falling back into the ditch
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An alternative to wide grassed waterways is to make narrower waterways that are
lined with stone, or to install check structures to slow down the velocity of water and
dissipate the energy. Waterways of masonry or reinforced concrete can be very useful but
have not been widely used in rural areas because of cost. Figure 6.10 illustrates different
types of waterway.

Some farmers try to solve the problem of disposing of excess water by digging very large
retention ditches, but where the volume of water is too great, waterways must be installed,
e.g. to dispose of run-off from roads and compounds. Failure to construct proper waterways
to take run-off from roads has led to the formation of many gullies on arable land.

The main factors to be considered when designing waterways are:
• Slope and size
• Shape
• Freeboard
• Channel roughness.

Slope and size
An artificial waterway should be designed to convey peak run-off. The waterway should be
able to dispose of run-off at a safe velocity. Grass waterways are recommended for slopes
up to 25%. On steeper slopes, the channel should be lined with stones, masonry or rein-
forced concrete.

The dimension of a waterway depends on the expected discharge calculated in cubic
metres per second. This is estimated in exactly the same way as for diversion ditches and is
explained in Appendix 7. The slope of a waterway is normally the slope of the land at right

Grassed waterway with stone thresholds to reduce the speed of
water

Cut-off drain

Graded �
channel terrace  

Parabolic �
grass-lined waterway

Cross-section of parabolic �
stone/grass waterway

Cross-section of trapezoidal�
masonary waterway

Figure 6.10 Different types of waterway

Check-dams in a well-stabilized waterway in Afdeyu
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angles to the contour. Waterways running diagonally across the slope are not recommended
because if they break or over-top the damage can be serious.

The table in Appendix 8 can be used to find suitable dimensions for a grass waterway.
Note that the estimate of discharge should be based on the peak flow at the outlet end of
the waterway rather than the amount expected at the inlet, which is usually less. The
design width of a grass waterway increases rapidly with increasing discharge and/or slope
in order to avoid scouring and erosion. The width can be reduced if stone is combined with
grass, as indicated on the right of the table. If land is scarce and/or steep, narrow water-
ways lined by brick, stone or masonry will be needed (see Appendix 9).

Shape
Grass-lined waterways are usually designed with a parabolic shape, whereas stone-lined
waterways may be parabolic or trapezoidal (Figure 6.8, above). Waterways constructed
from masonry or reinforced concrete are often rectangular.

Freeboard
Waterway designs are normally based on the peak run-off expected in a ten-year return
period, but to cater for exceptional conditions a safety margin (freeboard) is added by in-
creasing the design depth by 25% for grass waterways and 10% for stone-lined waterways.

Channel roughness
The rougher the surface over which water flows, the greater the resistance to flow. The
velocity of water in a channel can be reduced by making it wider and shallower (i.e. lower-
ing the hydraulic radius) or by making the surface rougher. One of the ways of making the
surface rougher is by planting grasses. A tall grass will provide more resistance to flow
than a short one, although the resistance will be lowered if it is pushed over and flattened
during heavy run-off. A rough stone surface will provide more resistance than a smooth
concrete surface. The importance of the roughness factor (known as Manning�s �n�) is dis-
cussed further in Appendix 11.

Layout, construction and maintenance of artificial waterways
The preliminary position of a waterway should be determined from a reconnaissance field
survey. Where possible, the waterway should be located in a natural depression or drain-
age way. It is usually better to have several small waterways than one very large one, and
the waterways should be close enough to each other to avoid the terraces being excessively
long. After the waterway has been staked out, construction can start from the lower end by
excavating soil from the centre and throwing it to each side to form the banks.

As soon as digging is complete, the waterway should be lined by planting a suitable
spreading grass, or with stone or a combination of grass and stone. The process of excava-
tion may expose less fertile sub-soil and, if so, it is advisable to use manure and mulch to
ensure quick establishment of the grass. Every effort should be made to avoid discharging
run-off into the waterway until the grass is established.

Maintenance is important and the waterway should be inspected after every heavy
storm, especially during the first year while the vegetative cover is being established. Any
damage should be repaired immediately. The outlet should also be checked to ensure that
no erosion is taking place.

Gully control

Medium-sized and large gullies
When a medium-sized or large gully (>1 m deep) already exists, the best that can be done is to
try and halt continued erosion by construction of permanent structures combined with protec-
tion from grazing and planting of grass, shrubs and trees.
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When diverting water from a diversion ditch, the outlet point should be safe from erosion
so that a new gully will not be formed. Gully control is a very expensive undertaking, and it is
always better to prevent gullies from being formed in the first place. Prevention of gullies is
certainly more economical than cure. If there are several gullies, and if it is difficult to find an
outlet point for discharged water, one of the larger gullies should be used as a drainage way.
See Section 5.6 for details on reclaiming gullies deeper than 1 m.

Smaller gullies
Small gullies (<1 m deep) can usually be reclaimed by diverting the eroding water and
preventing it from entering the gullies, by planting grass and other vegetation or by con-
struction of stone barriers. During the establishment of grass, the distance between two
consecutive grass strips should be 2�4 m and have a maximum width of 30 cm between
plants. Grass planted in this way will encourage the formation of �grass thresholds�. Tree
planting may require modification of sides of gullies if these are very steep. However, in a
gully that is already stabilized through diversion of the main water flow, trees can be
planted on the floor of the gully. If the gully is young and the water flow is small, grass sods
can be used to stabilize the gully. Grass is carefully uprooted so that most of the soil re-
mains with the roots. Sods are best used at the gully head to prevent it from advancing
further up the slope. The gully head is first reshaped to form as gentle a slope as possible,
and grass sods are then placed to form a protective cover. The sods should preferably be
pegged down so they will not be easily moved by running water.

Grass can also be planted in strips across the gully. Once established, the grass will
capture sediments and grass thresholds will gradually be formed (Figure 6.11).

A well-stabilized waterway at Afdeyu, Makel Zone

Thresholds spaced 2–4 m apart.�
Sisal can be used instead of �
grass in dry areas 2–4 m

0.5–1.5 m

0.5–1.5 m

A gully being stabilized at Shiketi,
Debub Zone

Figure 6.11 Grass thresholds in a waterway
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Chapter 7

Protection of riverbanks

7.1 THE HYDROLOGY OF ERITREA
There are five major drainage basins in Eritrea (Map 2).

• Setit basin
• Mereb-Gash basin
• Barka-Anseba basin
• Red Sea basin
• Danakil Depression basin.
• In addition, there are some small drainage basins with rivers flowing to the Sudan.

Most of the rivers flow only during the rainy season. They drain from the highlands
where there are steep slopes with poor vegetation cover and there is heavy rainfall. When
there are torrential rains in the highlands, flash floods in the rivers are common, and so is
soil erosion along riverbanks. The situation is especially problematic in places where the
riparian vegetation is sparse.

7.2 RIVERINE VEGETATION
The vegetation along the riverbanks in the highlands is often denuded as a result of cutting of
trees for firewood and construction poles, or clearing of vegetation for agricultural purposes. A
few eucalyptus plantations, mainly Eucalyptus camaldulensis, Eucalyptus globulus and Eu-
calyptus cladocalyx, are found in areas around Adi-keih, Hawatsu, Mai-tekela, Mai-hutsa,
Tokor and Gheshnashim. Eucalyptus trees are, however, not good for riverbank protection
compared to other species.

In the lowland areas, the riverine vegetation is often relatively better than that of the
highlands. Deposition of fertile soil from the highlands and availability of groundwater
create favourable conditions for certain tree species. Naturally grown Acacia nilotica, Aca-
cia tortilis, Hyphaene thebaica, Tamarix aphylla and Ziziphus spina-christi often domi-
nate the vegetation along rivers in these areas.

7.3 MAIN THREATS TO RIVERBANKS
The deposited fertile soils and the
availability of groundwater also
make commercial farmers attracted
to developing irrigated horticulture
in the lowland river basins. This is
especially common in the Gash and
Barka basins. Thus, conversion of
riverine forest to irrigated agricul-

Riverbank erosion, Zara seasonal river,
Anseba Zone:Tamarix aphylla in the

foreground
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ture is common. This causes much damage on the riverbanks. Concessionaires clear the
riverine forest right up to the edge of the riverbanks without giving due consideration to
the risk of riverbank erosion. As a result, watercourses change their direction from time to
time and much arable land has become unproductive river courses.

Land-use conflicts
Land-use conflicts between pastoralists and commercial farmers in the Sawa area
Sawa can be taken as an example of an area where there are conflicting interests regarding
resource use. This area is endowed with good soils and riverine vegetation, and it is this resource
that has become the source of disagreement. The competing parties are the local pastoralists on
the one hand and horticulturalists on the other.

A discussion with these two parties was conducted in May 1995. It was found that this riverine
area was traditionally a grazing resource for the livestock of the area, mainly cattle and goats.
Horticultural activities were started with the permission of the administration and Baito (local as-
sembly) officials in 1992, mainly by returnees from the Sudan and some local people with finan-
cial resources. Since then, horticulture has expanded so rapidly that vast riverine areas have
been cleared for this purpose.

The pastoral people said that they had no objection to agriculture in general, but they object to
these horticultural activities near the river because:
� Riverine vegetation is being destroyed. Destruction of these resources could mean the end of

their livestock and, therefore, of their livelihood.
� Since the horticultural gardens are between the villages and the riverbed, they block access to

the water source.
� Livestock were being detained, injured and sometimes killed by the horticulturalists when they

happened to stray into their gardens.
� The horticultural activities are constantly expanding and causing much resource destruction. In

conclusion, they recommended that such farming should take place away from the riverine
areas.

For their part, the horticulturalists complained that:
� The pastoralists deliberately allow their livestock to stray into their gardens.
� Livestock should be herded away from the horticultural gardens.
� Regulations should be established by the authorities providing for fines to be imposed on

livestock owners who allow their animals to stray into the gardens.

Lessons learned
Conflicts easily arise between horticulturalists and pastoralists. Implementation of directives is-
sued by the Ministry of Agriculture could minimize the risk of conflicts in the future.

7.4 GOVERNMENT DIRECTIVES ON RIVERBANK
PROTECTION

In order to combat destruction of riverine forest and the resulting soil erosion, the Ministry of
Agriculture issued directives in 1992 as well as in 1994. According to these directives, clear-
ing of vegetation for cultivation from 50�100 m on both sides of a riverbank is prohibited. The
directives are still valid. The 50-m limit applies to areas where the river valley is narrow,
usually in the upper parts of catchments. In lower parts of catchments where valleys are
wide, a 100-m limit is applied.

Further, a management plan for the protection and development of the riverine forests
of Gash and Barka and some parts of the Anseba River valleys has been prepared and this
document was endorsed in a national workshop conducted in Barentu from 14 to 16 De-
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cember 1999. Local government and Ministry of Agriculture representatives and those from
the local communities participated in the workshop and agreed on the following important
management principles for the areas covered:

• No land should be granted for agricultural concessions in the riverine areas. In areas
where the land is devoid of forest, agricultural development could be allowed no nearer
than 700 m from the riverbank. Such land within the 700 m boundary should be
planted with perennial woody plants. However, where the forest extends further than
700 m from the riverbank, it should not be cleared under any circumstances.

• In already established agricultural areas, land users/investors should plant multipur-
pose perennial crops within the first 150 m from the riverbank and, in the remaining
areas, different agroforestry practices should be introduced.

• Before issuing agricultural concessions near riverbanks, the proposed land use should
be properly planned and a feasibility study, including an appropriate map indicating
the boundary, should be submitted to the Ministry of Agriculture.

• Infraction of agreements between the parties concerned, in this case the Government
and the agricultural concessionaire, should be punished in accordance with legal no-
tice No. 31/97 based on the land proclamation of 1994 (Proclamation No 58/1994).

7.5 BIOLOGICAL CONSERVATION MEASURES FOR
RIVERBANKS

In the highlands, where shortage of arable land is prevalent, it is impractical to totally ex-
clude the riparian areas from cultivation, but efforts must be made to protect riverbanks, e.g.
by planting perennial plants and grasses. In doing so the following procedures are recom-
mended:

• Identify the usual water level and the flood level
• Plant short grasses in the flood zone
• Plant long grasses and fodder shrubs above the flood level
• Plant fruit trees on the edge of the cropland, as illustrated in Figure 7.1.

Several plants grow very well along rivers. Among grasses, Arundo donax, Chloris spp.,
elephant grass and vetiver grass are recommended for protecting riverbanks. Shrubs such
as Pithecelobium dulce, Lantana camara, Caesalpinia decapetala, Salvadora persica,
Ziziphus spina-christi and Tamarix aphylla have very good root systems able to withstand

Fruit and timber trees on�
the edge of cropland

Fodder shrubs and�
grasses

Short grass and�
natural vegetation

Normal water level

Flood level

�

Figure 7.1 Stream-bank protection
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the pressure exerted from heavy floods and are thus good soil conservators along riverbanks.
Fruit trees such as Psidium guajava and Mangifera indica are also very important in
protecting riverbanks, in sheltering horticultural farms from wind storms as well as for
generating income though the production of fruits.

Horticulturalist Solomon Hagos� efforts to protect his riverbank
Solomon Hagos returned to Eritrea before independence in 1990 having lived in Germany. He
owns about 20 ha of land along the Gash River near Haikota on which he grows okra, tomatoes,
onions, eggplant, pawpaw, guava and lemon.

Initially, he was not aware that clearing the riverine forest could result in erosion of the riverbank
on his farm. He cleared the forest and is now left with only some Hyphaene thebaica, Balanites
aegyptiaca, Acacia mellifera, Acacia nilotica, Prosopis chilensis and Calotropis procera. But now
having been affected by riverbank erosion and flooding, he has planted Arundo  donax,
Pithecelobium dulce and a grass locally known as awir (Tigre) in rows about 10 m apart and 550
m long following the riverbank. The awir and Arundo donax are propagated by cuttings, but Solo-
mon took the initiative to import seeds of Pithecelobium dulce and raised seedlings in his farm
nursery. The seedlings have survived very successfully, and the riverbank erosion seems to have
been controlled by these measures.

By contrast, the farm of his neighbour, Ibrahim Tahir, is under great threat. A well originally dug
20 m away from the edge of the river is now inside the riverbed. This indicates that much valuable
arable land has already been washed away. Unless great reclamation efforts are made, his in-
vestment will be lost and his activities may even negatively affect the adjacent farms.

7.6 PHYSICAL CONSERVATION MEASURES FOR
RIVERBANKS

Physical conservation measures such as construction of gabions can also complement the
biological conservation practices, although these measures are very costly and often be-
yond the capacity of farmers.

Dawit Zeru�s experiences of riverbank protection
Dawit Zeru, one of the investors in a place called Brezeti, close to Akurdet, said that he had left a
forest block about 75 m wide along the riverbank when he established his farm four years earlier.
He claimed, however, that this riverine forest alone can never protect the riverbank from erosion
because there is rarely any undergrowth in mature doum palm (Hyphaene thebaica) forest and
such undergrowth is important to slow down the speed of the flood waters that cause erosion. He
had planted Arundo donax and Ziziphus spina-christi to enrich the vegetation cover on the riverbank
within his farm, but they were washed away by a heavy flood.

Nevertheless, he is still keen to replant the area so as to protect it from erosion. He believes
that gabions on the bends of the main course and where tributaries join the river would be the
most effective means of stabilizing the riverbank.

Anseba River with Arundo donax and mango Anseba River at Makalasi with Arundo donax and mango;
elephant grass in the foreground
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Chapter 8

Construction and design of small dams

8.1 INTRODUCTION
In Eritrea there are many small dams that were constructed by the Government, by villagers
or by NGOs. Most of these dams are constructed for:

• Irrigation development
• Water supply for people and livestock.

Other benefits of dams are that they:
• Improve supply of water for wildlife, industrial use and recreation
• Help in stream-flow regulation and thus flood control
• Conserve water.

This chapter is intended as a guide to help extension agents and farmers to design,
construct and maintain small dams. The advice in this manual applies to dams in which:

• The height of the embankment is not more than 5 metres
• The catchment area is less than 1,000 hectares
• The foundation (the basic soil or rock at the dam site) is consolidated soil, bedrock or

other hard material
• Suitable natural construction materials are available locally.

Dams on a formation of sand, gravel or soft clay, or in areas where available construc-
tion materials are poor (e.g. sand, soft rocks) should only be constructed under the guid-
ance of an engineer. The advice of a qualified engineer is also essential for design and
construction of dams with an embankment higher than 5 m or with a catchment area
larger than 1,000 hectares. (The basic components of a dam are shown in Figure 8.1.)

Reservoir

Spillway Training wall

Embankment

Figure 8.1 The basic components of a dam
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Abraham Ghile benefits from a newly constructed dam
Abraham Ghile is 60 years old and a father of 10 children, out of whom 9 are under 18 years old.
He lives in a village called Ghorobati, Debarwa Subzone, Debub Zone. He owns one ox, one cow
and two donkeys.

Abraham was one of the villagers interested in dams and was constantly asking the Govern-
ment to help them in the construction of a dam. The dam was eventually constructed in 1995 with
Government help, but due to a lack of technical advice there was no irrigation for the first three
years. Finally, however, the villagers (138 households) took their own initiative and started irriga-
tion downstream of the dam.

The embankment of the dam is about 12 m high and constructed from earth. It is a medium-
sized dam with a capacity of about 600,000 m3. The catchment is a mountainous area, while the
area that was selected for the reservoir is fairly flat. The dam was built by use of both machinery
and manual labour. One main canal and two secondary canals were constructed and the irrigable
area was divided equally among the 138 farmers of the village. Each farmer got a plot of 600 m2.

Currently Abraham farms his own plot and two others which he rents from elderly people who
are not able to manage their land by themselves. He produces two crops of peppers, onions,
tomatoes and carrots per year, and every year applies 150 sacks (about 3,000 kg) of dry manure
and 100 kg of urea per hectare. Four of his children help him on the farm when they are off from
school. He practices both furrow and basin irrigation.

Abraham would like to get more and better technical advice because he says the fields and
irrigation system in this area are not as good as those in other places. He would also benefit from
having access to improved varieties of some vegetables such as onions. But in spite of the con-
straints he is already earning about 5,000 Nakfa per year, which is enough to buy clothes and
other household items for the family.

Soldiers (National Service) working on dam construction
at Sahil in the Red Sea Zone

 The water in Lamza dam is sufficient to irrigate a large area People participating in dam construction
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8.2 TYPES OF DAMS
Generally dams can be classified into three types:

• Earth dams
• Rock-fill dams
• Masonry or concrete dams.

Earth dams
An earth dam has an embankment constructed of soil or earth. In most cases this is the
cheapest type of dam and relatively easy to construct.

Sometimes only one type of soil is used for the embankment, but a combination of differ-
ent types of soil can also be used. Thus, earth dams can be classified into two categories:

• Dams with homogenous embankments made of one type of soil (homogenous earth
dams)

• Dams with zoned embankments made of two or more types of soil (zoned earth dams).

Homogenous earth dams
An ideal soil for constructing an homogenous dam contains a mixture of fine-grained and
coarse-grained material. The fine-grained materials provide an adequate water barrier
and the coarse materials provide strength. However, with care, a small dam can be con-
structed with any type of soil except a sandy soil.

When the foundation material is pervious, the dam is provided with a cut-off made from
relatively more impermeable material that extends down to an impermeable layer, as shown
in Figure 8.2. This limits the percolation beneath the embankment.

With homogenous dams, seepage water will appear at the downstream side of the em-
bankment to a height approximately equal to one-third of the height of the reservoir level,
as shown in Figure 8.2. This seepage water may wash out some of the embankment mate-
rial, causing erosion and eventually collapse of the embankment. This can be prevented by
adding sandy soil or other suitable material at the bottom of the downstream side of the
embankment.

Reservoir water level
Upper limit �
of seepage

Impervious material

Saturated �
portion

Cut-off Pervious materialPervious material

1 : 21 : 31 : 3

h

h/3

Figure 8.2 An homogenous dam with a cut-off

 Seepage water from a dam at Amadir in the
South Zone. This embankment must be

protected from further damage
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Zoned dams
A dam whose embankment is made up of several types of material is called a zoned dam. A
zoned dam is made of pervious or semi-pervious material with an impervious core in the
middle, as shown in Figure 8.3. The impervious core is usually made up of clay or silt clay
that provides a barrier to water, and the pervious or semi-pervious material could be a
sandy soil with stones and gravel to provide stability to the embankment.

Just as with homogenous dams, a cut-off of impermeable material is essential when the
foundation material is pervious in order to limit percolation beneath the embankment.

A zoned dam is generally more stable and safer than an homogenous dam. When a
variety of suitable construction materials is available, a zoned dam is preferred. The con-
struction cost and the supervision requirement for a zoned dam are relatively high, but its
advantages normally justify the additional cost.

Rock-fill dams
A rock-fill dam, as the name indicates, is made up of loo se rock fill. The dam embankment
is constructed by dumping large- and medium-sized rocks using dump trucks or human
labour. Rock-fill dams are constructed where there is a solid foundation and where suit-
able rocks are abundant. The slopes at both sides of the dam embankment are kept at a
ratio of 1 vertical to 1.7 horizontal (1V:1.7H). A typical rock-fill dam is shown in Figure 8.4.

Seepage through the rock fill is prevented by putting an impermeable geo-membrane
(e.g. thick plastic sheeting or other similar material) suitable for use in the ground, or an
impermeable layer of concrete on the upstream side of the embankment, as shown in Fig-
ure 8.4. An asphalt lining or a clay core can also be used, but use of these materials re-
quires the advice of a qualified engineer.

1:3
1:2

Original ground surface

Reservoir water level

Impervious�
zone�

(Core)

(Cut-off)

Impervious�
zone�

(Core)

Pervious�
zones

Pervious material

Impervious material

Pervious material(Cut-off)

�

�

Figure 8.3 A typical zoned dam

Original �
ground �
Surface

Reservoir water   level

Bar Bar

Impervious �
concrete or�

geo-membrane

Concrete�
trench

Rock�
surface Stripped �

layer of soil

Original �
ground �
surface

3 m

1:1.7 1:1.7

CB

A

A. Well-graded and compacted coarse fill to �
provide the bearing support for the concrete �
or membrane. (If a membrane is used, it is �
necessary to cover it with well-graded soil. �
This is not shown.)�
B. Small-sized rock and well-compacted fill�
C. Big and strong good-quality rocks.

Figure 8.4 A typical rock-fill dam
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Masonry and concrete dams
Masonry and concrete dams require solid foundations and abutments. The upstream side
is usually kept vertical and the downstream side is constructed with a slope (1V:0.75H; see
Figure 8.5). Dams constructed of stone masonry or concrete are generally safer than the
other types of dams, but they are more expensive.

The upstream side of a masonry dam should be covered with chicken-wire mesh and
plastered to prevent seepage through the dam wall. However, some seepage water does not
pose a threat to the stability of the dam.

Masonry and concrete dams are regarded as relatively expensive structures, but this is
not always the case if the dam is small. When the ground conditions are suitable and when
plenty of stones are available, their construction is strongly recommended. Masonry or
concrete dams can be constructed during any season of the year and they can remain un-
completed for years because they are normally not damaged by over-flowing water. A typi-
cal masonry or concrete dam is shown in Figure 8.5.

8.3 SITE SELECTION FOR DAMS
When selecting a dam site, an exhaustive study of the potential alternatives should be con-
ducted, including both physical and socio-economic factors. The villagers of the area are the
most important sources of practical information for such a study, and they often have imme-
diate proposals on suitable sites. However, it is important to consult as many stakeholders as
possible to avoid personal biases from individuals or small groups. Possible dam sites must be
compared carefully, and a number of site visits are essential to identify critical features.

The following factors need to be considered very carefully:

Crest width:

Reservoir �
water level

Solid foundation

Dam �
embankment Natural �

ground�
surface

Min. 0.5m

1:0.75

Min. �
0.5 m

Figure 8.5 A typical masonry or concrete dam

A rock-fill dam under construction at Adi-hamuste in Makel
Zone. The lower portion is being covered by concrete to

prevent seepage
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• Physical suitability of the site for dam construction.
• Ownership of the dam site and its catchment area. To avoid conflicts, care should be

taken in areas where the dam site is owned or used by two or more villages.
• Height of embankment. This will help determine whether the dam can be constructed

by the villagers on their own, or if outside assistance is required.
• Type, suitability and availability of construction materials. This will help to decide

what type of dam is to be constructed. A rock-fill dam is obviously not a good choice if
there are no stones in the area.

• Loss of good arable land by inundation.
• Interference with cemeteries, graves or other areas of cultural importance.
• Location of irrigable areas in relation to the dam.
• Size, topography, vegetation cover and other physical characteristics of the catch-

ment area.

After identifying possible dam sites, they must be ranked in order of priority. Consider
the factors above and also the following features as added advantages:

• A narrow river or streambed that would minimize the embankment volume
• Rock outcrops available for spillway and foundation
• Flat reservoir areas of low-value land that can store a relatively large volume of water

with a low embankment height.

To assure community support, frequent meetings should be organized to discuss the
advantages and disadvantages of different sites with the villagers.

8.4 SITE SURVEYS
All alternative sites should be compared on the basis of reservoir capacity and type and amount
of labour and material required for the construction of the embankments. To achieve accu-
racy for these comparisons the main alternatives should be subjected to a more detailed sur-
vey. The survey will provide the basis for the design of the embankment and determine the
storage capacity and cost implications of the possible dam and reservoir sites.

Cross-sectional drawings of each dam site should be prepared. A contour map of the reser-
voir and irrigable area with contour interval of 0.5 m is also required. The number of hectares
between the respective contour lines in the planned reservoir is determined. The catchment
area is also surveyed to determine its size. Refer to Chapter 17 for simple surveying tech-
niques, but it is better if a professional surveyor carries out these surveys.

8.5 ESTIMATING CATCHMENT YIELD
The amount of run-off that can be expected to come from the catchment to the dam (the
catchment yield) should be estimated in order to determine the embankment height and
reservoir capacity. In most parts of the country there are no climatic data available to
determine the annual run-off of a specific area. However, a rainfall distribution map (Map
3) can give a rough estimate and can be used for estimating the annual run-off from a
certain catchment. The following guidelines can be used to estimate annual run-off from a
small catchment:

• Roughly locate the dam site on Map 3 and read the annual rainfall, R.
• Determine the run-off coefficient, C. This indicates the run-off as a percentage of the

annual rainfall. Areas covered with dense forest have a low C value, while at the other
extreme rocky areas with poor infiltration have a high value. The C-value depends
not only on the vegetation cover and topography of the area but also on the soil. A soil
that is easily drained has a lower C-value than a more impermeable soil. Different
approximate values for C are given in Table 8.1. Usually the C value in Eritrea is
between 10% and 20%. The steeper the slopes are in the catchment area, the higher
the value of the coefficient.

• Determine the size of the catchment area, A, that contributes flow to the proposed dam
site.
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• Finally, calculate the annual yield, Y, of the catchment using the following formula:

Y = C x R x A
where Y = the annual water yield of the catchment area

C = the run-off coefficient
R = the annual rainfall

 A = area of the catchment.
To avoid confusion, express R in metres (m) and A in square metres (m2). The result, Y,

will then be expressed in cubic metres (m3).

Table 8.1 Run-off coefficients (C) for some different types of catchment

Catchment type C value (%)
Undulating catchment with poor

vegetation cover 10
Catchment with steep slopes and

poor vegetation cover 20
Rocky catchment with low infiltration 50
Solid-rock catchment > 50

Example of catchment-yield calculation
• A catchment area is bare of vegetation and moderately sloping
• The run-off coefficient was estimated to be 15%
• Catchment area (A) = 3.5 km2 = 3,500,000 m2

• Annual rainfall (R) = 450 mm = 0.45 m
• Run-off coefficient (C) = 15% = 0.15
• Therefore, annual yield: Y = C x R x A = 0.15 x 3,500,000 x 0.45 = 236,250 m3

Refer to Appendix 7 for additional examples and more precise methods of calculating
both run-off rate and volume of annual runoff.

8.6 STORAGE CAPACITY OF A RESERVOIR
Estimating the storage capacity of a proposed dam is important for planning its construction.
The storage capacity will determine how much water will be available for human and animal
consumption or how much land can be irrigated. A storage-capacity figure also helps to deter-
mine the height that will be required for the dam�s embankment.

Two methods can be used to estimate storage capacity of a proposed dam:
• A rough estimation, or
• An accurate estimation.

Rough estimation
Making a rough estimation assumes the reservoir is triangular in plan and that the valley
is triangular in section, as shown in Figure 8.6. The storage capacity can then be estimated
roughly using the following formula:

Q = L x T x H:6
where: Q is storage capacity in m3

L is the top (crest) length of the embankment in metres
T is the distance from the dam embankment to the tail end of the reservoir in

metres
H is the maximum height of the embankment in metres.

Example of how to make a rough estimate of dam capacity
A dam has an embankment height (H) of 5 m, an embankment crest length (L) of 80 m, and the
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distance from the embankment to the tail end (T) is 230 m.

A rough estimate of the volume of this dam is therefore:
Q = L x T x H:6
Q = 80 x 230 x 5:6 = 15,300 m3.

Accurate estimation
When a more accurate determination of storage capacity is required, the following method
can be used:

• Prepare a contour map (Figure 8.7) of the reservoir with a contour interval of 0.5 m (or
1 m for larger reservoirs)

• Using the contour map, calculate the surface area at each contour level. (See Chapter
17 for details on how to measure an area.)

• Calculate the volume between adjacent contours by taking the depth as 0.5 or 1 m
(depending on which contour interval is used) and multiply by the average surface
area of the two adjacent contours.

Example of how to calculate the volume of a reservoir using the more
accurate method

A proposed reservoir area was surveyed and the contour map shown in Figure 8.7 prepared.
The next task is to calculate the storage capacity of the reservoir.
The areas at different elevations were measured and found to be as follows:

At the 1,580 m contour = 1,176 m2

At the 1,581 m contour = 3,530 m2

At the 1,582 m contour = 7,060 m2

At the 1,583 m contour = 10,590 m2

At the 1,584 m contour = 17,650 m2

At the 1,585 m contour = 25,410 m2

(a) The volume of the section below the lowest contour, in this case below 1,580 m, is normally
ignored.

T

H

L

Figure 8.6 Approximation of the shape of a dam used for
rough estimation of its capacity

1580
1581

1582
1583

1584
1585

1586

Tail end

Figure 8.7 A contour map of the reservoir site
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(b) Volume of section between 1,580 m and 1,581 m contours
Height: 1,581 m � 1,580 m = 1 m
Average area:  (1,176 + 3,530)/2 = 2,353 m2

Volume between 1,580 m and 1,581 m contours: 1 m x 2,353 m2  = 2,353 m3

(c) Volume of section between 1,581 m and 1,582 m contours
Height: 1,582 m � 1,581 m  = 1 m
Average area: 3,530 m2 + 7,060 m2)/2  = 5,295 m2

Volume between 1,581 m and 1,582 m contours: 1 m x 5,295 m2 = 5,295 m3

(d) Volume of section between 1,582 m and 1,583 m contours
Height: 1,583 m � 1,582 m = 1 m
Average area: (7,060 m2 + 10,590 m2)/2  = 8,825 m2

Volume between 1,582 m and 1,583 m contours: 1 m x 8,825 m2  = 8,825 m3

(e) Volume of section between 1,583 m and 1,584 m contours
Height: 1,584 m � 1,583 m = 1 m
Average area: (10,590 m2 + 17,650 m2)/2  = 14,120 m2

Volume between 1,583 and 1,584 contours: 1 m x 14,120 m2  = 14,120 m3

(f) Volume of section between 1,584 m and 1,585 m contours
Height: 1,585 m � 1,584 m = 1 m
Average area: (17,650 m2 + 25,410 m2)/2 = 21,530 m2

Volume between 1,580 m and 1,581 m contours: 1 m x 21,530 m2  = 21,530 m3

Once the volumes between adjacent contours are calculated, the cumulative volume is ob-
tained by summing the results.

Therefore, the dam storage capacity at different water levels will be:
At elevation 1,580 m Ignored
At elevation 1,581 m 2,353 m3

At elevation 1,582 m 5,295 + 2,353 = 7,648 m3

At elevation 1,583 m 8,825 + 5,295 + 2,353 = 16,473 m3

At elevation 1,584 m 14,120 + 8,825 + 5,295 + 2,353 = 30,593 m3

At elevation 1,585 m 21,530 + 14,120 + 8,825 + 5,295 + 2,353 = 52,123 m3

The height of the proposed embankment is then determined by comparing the annual catch-
ment yield to the storage capacity of the dam at different heights. A dam should be no larger than
necessary because of the cost of construction. In practice, dams in dry areas are usually de-
signed to store 10% of the mean annual rainfall falling on the catchment. The height of the em-
bankment must have an extra margin (�freeboard�) to allow for waves and for security.

In some years a dam designed on that basis will receive more water than it can store. Such
excess water will be safely disposed of through the spillway. The spillway must be slightly lower
than the crest of the embankment. The difference is the safety margin, the �freeboard�. However,
if the required amount of water is less (for example, if there is only a small area to be irrigated) the
reservoir can be designed with a smaller storage capacity than the 10% of annual rainfall. In this
case the spillway will be in use more regularly.

These hints on storage volume in relation to the rainfall in the catchment can be used to
determine the suitable height for the embankment.

8.7 THE VOLUME OF THE EMBANKMENT
To determine the cost of constructing a dam embankment, it is necessary to find out before-
hand how much construction material is required. The most expensive structure is the em-
bankment, and the amount of material required for its construction is an important factor in
determining the cost of a dam. The volume of a dam embankment can be estimated by using
the following formula, which gives a reasonably accurate value:

V = 0.22 H x L (2C + H x S)
where:
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H = Dam crest height in metres
L = Dam crest length in metres
C = Dam crest width in metres
S = Combined slope value (that is, if upstream-side slope is 1:2.5 and the downstream-

side slope is 1:2, S will be 2.5 + 2 = 4.5).

A newly built earth embankment may settle (sink) with time. The risk of settling is
most significant when the reservoir is filled with water for the first time. Settling is rela-
tively less significant in fine-textured soils. Embankments made of black-cotton soils do
not usually settle much since black-cotton soils expand when they become wet. Settling
will be most significant where the embankment is highest. Even if the embankment is
compacted using water or machinery (see Section 8.10), the amount of settling after con-
struction may still be significant. Thus, about 5%, or 25 cm, should be added to the design
height to take care of settlement for a dam that is 5 m high. For higher dams the propor-
tional amount added can be slightly lower, but the addition should never be less than 25
cm for dams that are higher than 5 m.

Example
A proposed earth dam has an embankment with the following dimensions:
Crest height (H) 4 m
Crest length (L) 16 m
Crest width (C) 3 m
Combined slope value 4.5

Using the formula for calculation of embankment volume:
V = 0.22 x 4 m x 16 m (2 x 3 m + 4 m x 4.5) = 14.08 (6 + 18) = 338 m3

Since the soil is fine textured, and compaction will be done very thoroughly when the soil is
moist, the embankment is not expected to settle much. An extra 10�12 m3 as extra allowance
should be enough for settling and to ensure that the embankment will always remain slightly
convex. Thus, the total volume of soil required is estimated at about 350 m3.

8.8 SELECTION OF CONSTRUCTION MATERIALS
The quality and quantity of potential construction materials such as soil, rock and sand
should be assessed carefully before using them to build a dam. In the case of small rock-fill
or masonry dams, it is not essential to determine accurately the quality of available stones
and sand. Clean sand and reasonably sound stones without fractures or weaknesses can be
used safely. However, for earth dams, careful selection of fill material is essential.

A
C

A–A
A

L

H 1:2.5 
1:2 

Figure 8.8 Calculating the volume of a dam embankment
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Quality of soil
A laboratory test is desirable in order to determine the quality of a soil as construction mate-
rial. However, this service is not easily available in Eritrea. Hand testing for texture can give
a fairly good indication of the suitability of the material using the following procedure.

Take a sample of the soil and remove stones and gravel. Wet the soil in the hand until it
cannot hold any more water, being careful to avoid over-wetting. Squeeze and examine the
soil sample and define the soil type following the method and using criteria as indicated in
Appendices 2 and 3. It is fairly difficult to determine the difference between fine clay and
silt, especially when dry, as both are fine-grained materials. When wet, silt has a silky
smooth texture, while clay feels more sticky and plastic and has a shiny, smooth surface
when cut.

Suitability of embankment materials
Impermeable soils like clay, if available, should be used in the cut-off below ground level
and for the core of a zoned dam (see Figure 8.3). Because some types of clay shrink and
crack on drying, clay should not be used in parts of a dam likely to become dry at any time.

Soils to be used for homogenous dams (see Section 8.2) and the outer section of zoned
dams can be ranked as follows in order of suitability:
1. Sandy clay
2. Sandy clay loams
3. Clay loams.

Materials that should never be used as the main material for dam construction are pure
silt, sand and material from anthills.

• Silts are very difficult to compact. Where testing soil for texture, care should be taken
not to confuse silts with clays. (See Appendices 2 and 3 for details on how to distin-
guish silt from clay.)

• Sandy soils are too pervious, lack cohesion and are difficult to compact.
• Anthill soils can cause problems. As termites and their predators are attracted to old

anthill material, use of such material can result in new ant colonies and undesirable
burrowing in the embankment.

However silt and sandy soils can be used both in the outer upstream or downstream
sections of the dam to add weight to it.

Sometimes a good site can be located, but there are no suitable construction materials
in the immediate vicinity. In that case the dam embankment can be constructed with what-
ever materials are available and then covered with an impermeable geo-membrane (plas-
tic sheet or other material). The use of geo-membranes is further described in Chapters 9
(Section 6) and 10.

Borrow areas
The location from where construction material is taken is called a borrow area. Usually,
suitable embankment-fill materials are easily found very close to small dam sites. Areas
close to the dam downstream should be avoided, however. When the area in the dam reser-
voir is used as a borrow area, transport time and costs are kept to a minimum and the
capacity of the reservoir is increased.

Potential borrow areas can be identified by eye from the visible soil and vegetation
cover:

• Undisturbed soil under mature woodland may be suitable for construction
• Sometimes waterlogged soils are subject to chemical and physical processes, depend-

ing on the fluctuation of the water level; normally such soils are unsuitable for em-
bankments

• Small low anthills may suggest that there is rock at a relatively shallow depth, and
tall massive anthills can indicate deep soil

• A reddish-brown soil indicates a favourable construction material
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• Exclude areas where soils show signs of salt accumulation.

Auguring and test pitting should be used to investigate the areas deemed to be suitable to
confirm the properties of the material.

8.9 DESIGN OF EMBANKMENTS AND CUT-OFFS

Earth dams
The following dimensions are recommended for small earth dams:

• Side slopes
� Upstream side 1V:3H (1:3)
� Downstream side 1V:2H (1:2)

• Crest width: Minimum 3 m
• Cut-off (see Figure 8.2): This will depend on the foundation material. As a rule the

cut-off should go deep enough to reach rock or a non-fissured firm impervious soil
layer. If the soil is impermeable right up to the surface, a cut-off should still be con-
structed with a depth not less than 1 m. For hand-dug cut-offs the bottom width must
be not less than 2 m and the side slope should be 1:1. The cut-off is constructed paral-
lel to the centre line of the dam embankment and should be located about 2�5 m
upstream of the centre line. A cut-off is recommended on all types of foundation ex-
cept solid unfissured rock.

Rock-fill dams
The following dimensions are recommended for rock-fill dams:

• Side slopes: 1V:1.7H on both sides
• Crest width: minimum 3 m
• A cut-off is not required for rock-fill dams because they are normally constructed on

sites with a rock surface or when the bedrock is at a shallow depth. Rock-fill dams
must be sealed by other means, for example an impermeable geo-membrane or a layer
of concrete (see Section 8.2).

Masonry or concrete dams
• Side slope

� Upstream side Vertical
� Downstream side 1V: 0.75H

• Crest width: Minimum 0.5 m.

8.10 DESIGN OF THE OUTLET
To utilize the water stored in a reservoir, a dam is normally provided with an outlet. An outlet
can be a pipe buried in the dam embankment or dam foundation, or it can be a simple siphon
pipe. Usually a galvanized steel pipe or concrete pipes are used for outlet works.

Earth dams
In the case of earth dams, a skilled engineer is required to supervise the work of installa-
tion if a pipe buried in the dam wall is to be used. Faulty installation of such outlets can
easily ruin the whole investment since it may cause the embankment to be washed away.
A siphon outlet (Figure 8.9) is safer and recommended for small earth dams for the follow-
ing reasons:

• There is no seepage problem that might result from faulty installation
• It is easy to install and maintain
• It is relatively cheap
• There is no need for a qualified engineer to supervise the installation work.
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Rock-fill, masonry or concrete dams
In the case of rock-fill, masonry or concrete dams, a concrete pipe can be buried in the em-
bankment without risk of dam failure. Installation of outlets in this type of dam is simple and
cheap as the embankments are not very thick and made of material that cannot be washed
out. Therefore, masonry or concrete dams are usually provided with several outlets at differ-
ent heights. One advantage of this is that the level at which water is tapped can be varied
depending on the water level in the dam. The outlets can also serve as auxiliary spillways. A
large outlet located at a low point in the embankment can sometimes be used for the removal
of silt from the reservoir. Such a large outlet can be opened to let water pass through when
there are flash floods early in the rainy season and, in the process, clean out silt from the dam.

Outlets should be provided with a trash rack at the entrance and a gate at the other end.
The trash rack is a simple square mesh of wire bars and is installed to ensure that unwanted
material such as branches and other debris does not block the outlet. A typical outlet arrange-
ment is shown in Figure 8.10.

Reservoir

Non-return �
valve

Gate �
valve

Priming pipe�
provided with �
a gate valve

Figure 8.9 A typical siphon outlet

A siphon outlet at Lamza dam

Trash rack

Outlet

Pipe
Inlet

A

A
A

A

A

A

Figure 8.10 A typical outlet for an earth dam or a rock-fill dam
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8.11 DESIGNING A SPILLWAY
A spillway is an important component of a dam. A spillway allows water to leave the dam and
so protects it from over-topping when there is excess water coming into the reservoir.

Normally a spillway is located at one side of the dam embankment. If the topography
permits, a spillway location not in direct contact with the dam is to be preferred (see photo
of the spillway at Lamza dam, below). In masonry or concrete dams, excess water can be
allowed to pass over the dam embankment because it cannot cause any harm to the struc-
ture.

There are many types of spillway. Which one of the different types you use will depend
on the location of the spillway, the space available for the spillway and the construction
material. The common types are:

• A spillway constructed by cutting through the soil or on top of a soil or rock surface
• A spillway consisting of a raised masonry or concrete wall called a weir.

Spillways of the first type should be protected from erosion by planting a runner-type
grass such as Bermuda grass and by fertilizing and watering it regularly and keeping
animals off the spillway area.

A spillway founded on rock rarely requires erosion protection, and that is why it is a
much-preferred option wherever possible.

The safest option is to construct the spillway some distance from the embankment, but
this is not always possible. If the spillway is adjacent to the embankment, it should be long
enough on the downstream side to ensure that the flow from the spillway does not cause
any damage to the toe (the lowest section of the downstream side) of the embankment.

An outlet pipe for Adi-hamuste
rock-fill dam in Makel Zone

A spillway excavated in loose rock at Lamza dam, Makel Zone

A poorly designed spillway has caused gully formation and
damaged the lower-lying field. The dam embankment is visible
in the background
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For maximum safety, a so-called training wall (see Figure 8.11) is constructed down-
stream of the weir to ensure that the water flow will not damage the embankment at any
time. The training wall should be high, long and strong enough to prevent erosion on the
embankment.

Spillway size
Excess floodwater coming into the reservoir must pass through a spillway safely and not
cause any damage to the dam embankment or to surrounding land. Therefore the size of
the spillway must be adequate. The size or the capacity of an adequate spillway depends on
the run-off of the catchment area and on the storage capacity of the reservoir. Very de-
tailed calculations are needed to accurately determine the size of spillway that will be
required for a particular dam. But in the absence of hydrological or climatic data, and in
the case of small dams, the dimensions indicated in Table 8.2 can be applied safely.

Table 8.2 Recommended spillway dimensions for small dams

Catchment area (ha) Spillway dimension
Width (m) Depth below

dam crest (m)
Less than 500 10 1.0
Between 500 and 1,000 15 1.5

 A masonry weir under construction at Ghemaa in Debub ZoneA spillway with good grass cover is quite safe. The grass
should be trimmed, however

Spillway

Training wall

Figure 8.11 Aerial view of a spillway provided
with a training wall
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However, if a suitable location and space is available for the spillway, it is advisable to
make the dimensions even greater than those recommended. The benefits in terms of dam
safety can outweigh the additional cost involved.

A qualified engineer should be consulted to determine the capacity of the spillway in
the case of a dam on a catchment area exceeding 1,000 hectares.

8.12  CONSTRUCTION TECHNIQUES

General
When constructing any dam, you should plan to prepare the foundation and construct the
embankment during the dry season. Small dams can be constructed successfully using
farmers� labour supported by an ox-driven plough and scoop. However, it is highly recom-
mended to employ machinery and equipment such as tractors, bulldozers, dump trucks
and compactors if the volume of dam embankment is to be large.

Labour management
The farmers are organized in groups and sub-groups, with each group having its own re-
sponsibility and foreman to supervise the work. The group or sub-group work can be soil
digging, soil transporting, soil moistening, compacting, etc. Each type of work is rotated
regularly among the groups. The work of each group must be measured quantitatively.
From previous experience in Eritrea, it has been found that it is better to leave the respon-
sibility for formation of work groups to the community. The farmers know each other well
and are in a better position to decide how the groups should be formed.

Clearing the site
Dam construction starts by clearing the site. The borrow and spillway areas should be
cleared of all trees, roots, other vegetation and topsoil to a minimum depth of 15 cm. Roots
should be dug out completely. If there are anthills in or adjacent to the dam site, eradicate
the ants and excavate the affected soil and move it far away from the dam site.

The area for the embankment should be cleared of all vegetation, roots, topsoil and
stones to a depth of 0.3�0.5 m. The cleared topsoil (except the anthill soil) should be piled
on the downstream side to be used later for covering the embankment surface before it is
planted with grass.

In the case of rock-fill and masonry or concrete dams, site clearing involves completely
removing topsoil and any vegetation, removing soft, broken and loose rocks and making
the foundation rock as rough as possible.

Preparing the foundation
Care should be taken in preparing dam foundations and in the construction of cut-offs.
Mistakes made in these early stages of the construction are almost impossible to correct
later.

Where rock is encountered in a foundation, prepare the rock in the following way before
filling:

• Remove any loose layers and clean and wash the rock surface thoroughly.
• Roughen smooth surfaces by chipping and scraping.
• If the rock is fissured, the cracks must be filled with grout made with a 2:1 ratio of

sand to cement. The mixture should have a cream-like consistency to be thin enough
to spread out on the rock surface and seep well into any minor cracks and fissures.

• Any deep or wide cracks should be filled using 1:2:4 cement, sand and gravel concrete
mix.

• Let the concrete and grout cure properly for at least five days before starting con-
struction.
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Earth dams
Before starting filling, make sure the whole foundation is dry with no standing water. Then
harrow or rip the foundation to a depth of 10�15 cm so that the embankment becomes well
bonded to the foundation.

The embankment is filled layer by layer. For a homogenous dam the same soil type is
used throughout, while for a zoned dam the core is filled with impermeable material and
the rest with other fill. The extent of the core must be measured from the centre line
according to the design.

The following procedures are recommended when filling the embankment:
• Fill material is first spread to a depth of 20�30 cm over the surface. Fill the embank-

ment to a width greater than that specified in the design (0.5 m wider on both sides is
recommended) to ensure that the embankment will not be smaller than specified when
it is compacted. Large stones, rocks, organic material and topsoil carried to the em-
bankment should be removed.

• Once a layer is completed it should be compacted. Compaction is one of the most
important activities in dam construction. Each layer must be compacted properly be-
fore the next layer is added, and the maximum density will be achieved when the soil-
moisture content is optimal. When a sample of the soil is squeezed by hand it should
form an easily breakable ball and it should look almost dry. It is usually necessary to
add water in order to bring the fill material to the desired moisture-content range
before it can be compacted. With dry soils this is best done by sprinkling each layer
with water before every compaction, or by irrigating the soil in the borrow area over-
night. At all costs avoid attempting to compact the soil when it is too moist. When the
soil is too wet, harrowing is the most efficient method of reducing the water content to
the desired range. Even though it is highly recommended to use a compactor and
rollers, compaction can be done manually using wooden or concrete poles. A tractor
can also be used to compact soil.

• After each compaction and before the next fill the top surface should be loosened to a
depth of 5 cm and moistened. This is to ensure that the different layers will be well
bonded to each other.

• Keep the outer edges a little higher than the centre, and continue filling across the
full width of the embankment in near horizontal layers.

• Add and compact some soil above the specified horizontal level to reduce the risk of
damage in case there is an unexpected settlement (see Section 8.7).

Seepage water may wash out embankment material from the embankment, as explained
in Section 8.2 and shown in Figure 8.12. Any of the following two measures is recom-
mended to prevent this from happening:

• A sand filter is provided at the bottom of the downstream side of the embankment, as
shown in Figure 8.13. This keeps the upper limit of the seepage line (peripheric line)
below the surface of the embankment (see Figures 8.12 and 8.13). A qualified engi-
neer should be consulted about the suitability of the available filter material.

OR

Earth dam under construction
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• Additional soil (permeable material) is put on the lowest one-third of the downstream
side of the dam, as shown in Figure 8.14. This will filter the seepage water and pre-
vent embankment material from passing through while letting the seepage water
pass through slowly.

If no sand is available, filters can also be made by use of other material, for example
permeable geo-membranes.

Rock-fill dams
A rock-fill embankment is the simplest kind to construct. The fill material of rocks and
stones is dumped in 0.50�0.75 m layers. Normally a dump truck is used to carry the mate-
rial, but farmers� labour can also be used, although this is tiring work and the stones used
for construction must then be limited to small ones, which is not ideal.

Different sizes of stones are placed in different parts of the embankment. Smaller stones
are used on the upstream side, and medium-sized and large stones on the middle and
downstream-side of the embankment, as shown in Figure 8.4. Water should be sprinkled
over the embankment to make the stones slippery so that they can fill empty spaces as
much as possible. If sand is available, it is used to fill in spaces between the stones by
spraying it with a jet of water.

Masonry or concrete dams
If the dam is a small one, the method of constructing the masonry or concrete embankment
is similar to that with any other masonry work. The stones must be of a size a mason can
handle easily, and should be embedded in a mortar mix of 1:5�1:7 cement to sand. Once a

Upper seepage line

Seepage water may cause �
erosion of the dam embankment

Reservoir level

Filter �
material

Filter material

Figure 8.14 A dam provided with filter material on top of the toe

Figure 8.12 A dam without a filter

Figure 8.13 A dam provided with filter material inside the toe
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stone layer is placed in position, it should be shaded and watered regularly for two days before
the next layer is started.

In the case of a concrete dam, a form work not more than 0.5 m x 2 m x 3 m must be
placed in position and filled in with a concrete mix of 1:3:6 or 1:4:8 cement, sand and gravel
and vibrated properly. A mechanical mixer is essential for such work. The concrete is then
shaded and watered regularly until the next layer is cast.

Finishing works
Finishing work may include the following:

• Restoring the site area to as natural a condition as possible
• Fencing the reservoir area and embankment to prevent direct contamination of the

stored water, especially by livestock. Animals should never be allowed to drink di-
rectly from the stored water. Fencing also reduces the risk of accidents with children.

• Construction of cattle troughs, if required
• Grassing of the embankment surface and waterways.

8.13 PROTECTION, MAINTENANCE AND USE OF DAMS

Prevention and treatment of dam siltation
Siltation is a major problem which can reduce the useful lifespan of a dam. Unless measures
are taken to minimize the amount of silt coming into a reservoir, it can become filled with silt
very quickly. Under ideal conditions, the useful life of the type of dams described in this
manual is in the range of 15�20 years. This period could be reduced to five years or less if
siltation is severe.

The rate of siltation is related to many factors, some of which are:
• Dam size in relation to catchment size: A small reservoir is more quickly filled with silt

than a large one if other factors remain the same.
• Size of catchment area: The larger the catchment area the greater the production of

silt and the faster a dam silts up.
• Physical condition of the catchment area: Silt is produced from a catchment area as a

result of erosion. As explained in Chapter 3, the rate of erosion is affected by various
factors, including vegetative cover, rainfall intensity, slope of the area and soil type.

Dam siltation can be prevented or treated by:
• Proper land management in the catchment area
• De-silting.

Proper land management in the catchment area
This is the most important activity to prevent siltation of a dam. Before the dam is con-
structed, conservation measures should be introduced in the catchment area to minimize
erosion. Proper management of a catchment area may include area closure, terracing, tree
and grass planting, gully and waterway stabilization (see Chapter 5 for further details). In
the Eritrean situation complete closure of the area to people and animals, and introducing
the cut-and-carry system for livestock feeding, is the most effective way of protecting a
catchment area. Once the land management in the catchment is good, a dam can be con-
structed.

De-silting
A dam with a small reservoir size can be de-silted on a regular basis to prolong its useful
lifespan. For example, each farmer in a dam community can manually remove 2�5 m3 of
silt every year from the dam. The silt can be transported to the individual farmer�s field
and distributed there. This improves the fertility of the field significantly, thus the farmers
can be encouraged to do more of it. Large dams are very difficult and costly to de-silt.
Heavy machines like bulldozers, trucks and loaders will be required. Preferably, de-silting
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should be done every 4�5 years. In the case of dams located near major towns and cities,
special arrangements can be made with brick-factory owners. They are then allowed to
take the silt accumulated in the dams to use it for production of bricks. The silt obtained
from a dam makes good-quality bricks.

Dam maintenance and use
To prolong a dam�s useful life, to ensure that the different parts of the dam remain in good
condition and to avoid risk of dam failure, an efficient maintenance programme must be
set up.

Some of the most important factors for good use of a dam, and that should be monitored
continuously, are the following.

Catchment area protection
Animals must not be allowed to graze freely in the catchment area. All conservation struc-
tures must be repaired if found to be damaged. The vegetative cover should be kept in a
good condition. Enrichment planting of trees and grasses may be carried out if needed.

A dam beautifies the landscape, and good
vegetation cover in the catchment prevents siltation

Figure 8.15 A poorly managed dam
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Embankment protection
Any leak in the dam embankment can result in the embankment being washed away.
Stone riprap and grass cover on the embankment must be maintained properly to avoid
surface erosion. Trees and shrubs should not be allowed to grow on or near the embank-
ment since their root systems can cause physical damage, and also attract burrowing ani-
mals which cause similar damage. Therefore, burrowing animals such as rats, rabbits and
ground squirrels should also be eradicated from the dam site as much as possible.

Functional spillway outlets and other auxiliary structures
All these structures must be in good working condition at all times. They must be free of
blockages and erosion of the surrounding soil. Cracks and other damage must be repaired
as soon as observed.

Protection of water quality
Water stored in a reservoir should not be used directly by people or animals. This is to
prevent contamination of the water. Once the water in a reservoir is contaminated, it is
extremely difficult to purify it again, and the consequences of polluted water for the health
of the people using it may be serious. Therefore, people and animals must be provided with
separate watering points. Washing, bathing and swimming should be prohibited. To avoid
the risk of contamination, a reservoir should be fenced properly, preferably with a live
fence.

Figure 8.16 Good management of a dam and its surroundings
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Chapter 9

Farm ponds

9.1 INTRODUCTION
Ponds are bodies of water created by excavating a pit or by constructing a short embankment
across a watercourse. Because the water capacity is usually obtained almost entirely by dig-
ging, ponds are normally used where only a small supply of water is needed. Almost all the
ponds in Eritrea are small, with a capacity ranging from 500 to 5,000 m3 of water, and are
used seasonally for a short period of time each year. The number of ponds is increasing,
however, especially in the eastern lowlands, which are very arid.

An excavated pond is the simplest type to construct and is the only type that can be
constructed in relatively flat terrain. In gently sloping areas pond capacity can be increased
by constructing an embankment across a watercourse using the excavated material.

9.2 USES OF PONDS
Ponds are constructed with one or several of the following objectives:

• To provide water for livestock
• To provide water for human consumption
• To provide water for irrigation
• For other uses.

Water for livestock
Most of the ponds constructed in Eritrea, especially in the eastern and western lowlands, are
intended for watering livestock. A pond should be of a size that will meet the needs of all
livestock that will use the surrounding grazing area.

If provision of water for livestock in pasture and range areas is inadequate, grazing will be
concentrated near the water point and other areas will be undergrazed. Therefore, when
developing water points, the number and distribution of the watering points should be such

A pond at Gonge in Gash-Barka Zone serving as a watering point for livestock
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that the effect on the grazing of the area is minimal. Overgrazing near watering points is now
very evident in the country because the existing ponds are inadequate when compared with
the number of animals grazed in areas around the ponds. Severe overgrazing can be seen
around all ponds used as water sources for animals.

Water for human consumption
Ponds can be used as a water supply for humans for a number of months in a year. In the
highlands, there are many communities that depend totally on ponds for their water supply.
But ponds used for human consumption must be well protected from animals and other con-
taminants otherwise they can be a source of water-borne diseases as, unfortunately, is al-
ready the case in many places.

Water for irrigation
There are very few farmers who use ponds for supplementary irrigation in the country. How-
ever, farm ponds are an important potential source of irrigation water, especially in many
developed countries.

Irrigation demands a lot of water and farm ponds have a relatively small capacity, there-
fore they can only be used to irrigate high-value crops on a small scale. With drip irrigation a
larger area can be developed as compared to other irrigation techniques.

Other uses
In many other countries ponds are used for:

• Fish production
• Fire protection
• Recreation
• A combination of wildlife and tourism.

9.3 SELECTION OF THE POND SITE

General considerations
Preliminary studies should be carried out to identify possible sites for pond construction.
Available sites should be studied to identify the most practical and economical pond site.

Size of catchment area
The catchment area contributing flow to the proposed pond should be large enough to yield
sufficient run-off to maintain the water supply in the pond during all periods of intended use.
If the catchment area is too large, the pond will require a large spillway.

The amount of run-off that can be expected from a particular watershed depends on the
local rainfall and other physical characteristics of the area. As a rough estimate, a catchment
area should be expected to yield a run-off of 10%�20% of the annual rainfall in the area. (See
Section 8.5 and Appendix 7 for detailed calculations.)

Catchment area protection
To prevent the pond from sedimentation, and thus maintain its capacity, the catchment area
must be well protected from erosion. A permanent vegetation cover is desirable in catchments
considered for ponds. If such an area is not available, soil conservation measures should be
planned, or allowance made for periodically removing sediment from the pond. Sediment re-
moved from the pond can be used to raise the height of the embankment or to strengthen it.
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Pond capacity
It is important to estimate pond capacity to be sure that enough water is stored in the pond to
satisfy the intended use. This is not an easy task, because the evaporation and seepage losses
may be difficult to estimate. If surveying equipment is available, the pond capacity can be
estimated accurately. It can also easily be calculated by measuring the surface and bottom
areas using a tape measure and multiplying the average of the two areas by the average pond
depth.

Pond location
Ponds may be located on different types of topography. They are, however, most satisfactory
and most commonly used in areas with comparatively flat terrain. Areas that become flooded
during rainy periods make large ponds. A pond may be located in a broad natural drainage
way, or to one side of a drainage way if the run-off can be diverted into the pond. The low point
of a natural depression is often a good location for an excavated pond. After the pond is filled
with water, excess run-off escapes through the natural drainage way. Thus, locations with
favourable discharge conditions should be selected.

Ponds to be used for human or animal consumption should be protected from pollution.
Pollution of ponds should be avoided by selecting a site where drainage from villages will not
reach the pond.

9.4 INVESTIGATION OF SOIL TYPE
The suitability of a particular site for a pond depends largely on the permeability of its soil.
Investigation of the sub-surface soil is essential to find out the soil type and its permeability at
different depths. Hand testing for texture can give a fairly good indication of the suitability of
the material (see Appendix 3).

The suitability of soils can be ranked in the following order:
1. Sandy clay
2. Sandy clay loams
3. Clay loams.

In order to avoid seepage losses the soil at the site must be impervious. Clays and silt clays
extending below the planned reservoir depth are most desirable, and sites with sandy clays
usually prove satisfactory. But sites where the soils are porous or are underlain by sand or
gravel should be avoided unless the use of artificial lining is envisaged.

The performance of other ponds nearby in a similar soil is a good indicator of the suitability
of a proposed site. Such observation of existing ponds should be supplemented by sub-surface
investigation.

9.5 SPILLWAY AND INLET REQUIREMENTS
A spillway is incorporated at a suitable location to protect a pond from over-topping. The size
of the spillway depends on the storage capacity of the pond and the size of the stream coming
into the pond. In most situations a simple outlet at one side of the embankment is enough.
The spillway should be at least as wide as the natural waterway (Figure 9.1).

Sometimes a gully may start to be formed at the entrance to the pond due to the turbulence
created by the in-flowing water. If not checked, the gully formation may continue upwards
along the natural waterway (Figure 9.2). The resulting sediment will reduce the depth and
capacity of the pond. Such gully formation can be prevented by constructing the inlet with a
drop structure or ensuring that there is good grass cover in the stream and around the inlet
(Figures 9.3 and 9.4).
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Figure 9.3 Inlet protected by a drop structure
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Figure 9.1 A pond with a
spillway

Figure 9.2 Erosion at the inlet of the pond

Figure 9.4 Inlet protected from erosion by grass cover
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In areas where a considerable amount of silt is carried by the inflowing water, a grassed
filter strip should be provided in the drainage way immediately above the pond (Figure 9.5).
The width of this strip should be equal to or somewhat greater than the width of the pond, and
its length should be more than 30 m.

9.6 SEALING PONDS
When farm ponds are constructed in permeable soil, most or all of the stored water may be
lost by seepage. Excessive seepage losses in farm ponds usually are due to the selection of a
site where the soils are too permeable to hold water. This may be the result of inadequate site
investigations in the planning stage. However, the need for water may be so critical as to
justify the selection of a permeable site. In such cases, plans must be made for reducing
seepage losses by sealing the surface of the pond. Sealing by compaction, use of clay blankets
and/or use of flexible membranes can minimize seepage losses.

Sealing by compaction
A pond can be made relatively impervious by properly compacting the soil lining it. The sides
of the pond are first stripped to a depth of about 0.5 m. The stripped soil is then spread back in
10�20 cm thick layers, sprayed with water and compacted by hand using weights or by
compactors. When the sides are well compacted, the soil of the bottom is stripped, returned
and compacted in a similar way (Figure 9.6). Compaction can also be accomplished by tram-
pling with sheep and goats. In this case the soil must be very muddy.

Use of clay blankets
Seepage losses can also be prevented by blanketing the entire area over which water is to be
stored. The blanketing material should be well graded with about 20% clay particles. Clay
soil, if used as a blanket, must be protected from cracking during the dry period. A 30�60 cm
thick cover of the original soil placed over the clay blanket may be used for the purpose
(Figure 9.7). For a water depth of up to 3 m, the minimum blanket thickness should be 30 cm.
The gradient of the embankment side should not be very steep if it is to be successfully covered
with blanketing material.

A

A

Min. 30 m

Min. 30 m
A–A

Figure 9.5 A grassed filter strip in the
drainage way above the pond
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Use of flexible membranes
Flexible geo-membranes like polyethylene sheets, vinyl and butyl rubber and asphalt-sealed
fabric liners are very effective as liners because they eliminate seepage completely if properly
installed (Figure 9.8). Some of these materials are expensive but, nevertheless, they are gain-
ing wide acceptance as liners for ponds.

Geo-membranes are very fragile, thus special attention and care is required when install-
ing them. They must be protected from mechanical damage to be effective.

To install a geo-membrane the pond area should be cleared of all vegetation and roots and
sharp stones. Then it is covered with a cushion layer of fine-textured material before the
lining is placed. The linings are usually laid in sections or strips with a 15-cm overlap for
seaming. Extreme care must be exercised in handling to avoid puncture. Anchor the top of the
lining by burying it in a trench dug completely around the pond above the normal water level.

Figure 9.6 Sealing a
pond by compacting the

sides and bottom

Step 1. Pond excavated

Step 2. The surface is stripped to a depth of 50 cm

Step 3. Stripped soil is put back, spread out and compacted

Step 4. Step 2 repeated in the central part

Step 5. Stripped soil is spread out again in the central part and compacted

Natural soil

Compacted�
clay

30–50 cm

Figure 9.7 Arrangement of a clay blanket
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The anchor trench should be 30�40 cm deep and about 30 cm wide. Cover the lining with at
least 30 cm of soil. The soil cover should be free of large clods, sharp rocks, sticks and other
objects that would puncture the lining.

The roots of some plants may penetrate certain liners. Thus it is desirable to clear the pond
area, and especially the side slopes, of all plants.

9.7 USE OF VEGETATION IN PONDS
Vegetation is required to protect the inlet and the spillway of the pond from erosion and to trap
silt coming in with the water flow. The vegetation should be able to survive under prevailing
conditions with minimum maintenance. Grasses growing naturally in the surrounding land-
scape should be selected for new planting because they are cheap to establish and well adapted
to the local conditions.

In many areas, the exposed surfaces of the pond, the spillway, borrow areas and other
disturbed surfaces can be protected from erosion by establishing a good cover of sod-forming
grasses. Soon after the first rain the area can be planted with grass sods. Establishing the
grass by broadcasting rootstock gives good results with Bermuda grass and other grasses
during periods with wet weather. In other situations, direct planting of sods in strips or solid
covers is most practical.

9.8 POND PROTECTION
Ponds must be protected from erosion, trampling by livestock and any other potential damage
or hazard. Ponds that are not protected in this way will be short lived, and the cost of mainte-
nance will usually be high. There are many ponds in Eritrea which are not maintained prop-
erly, and as a result they become out of use within a short period. Important protective measures
are:

• Grading of the borrow area
• Riprap
• Fencing off livestock
• Measures for children�s safety.

Grading of the borrow area
Grade all areas or pits from which borrow material has been obtained so they are well drained
and do not permit stagnant water to accumulate as breeding places for mosquitoes.

Riprap
In most cases pond embankments do not require a high degree of protection. But if it is
required, stone riprap is an effective method of control. Riprap is placed by hand as this gives
more effective protection than mechanical methods and requires less stone. The layer of stones
should be at least 30 cm thick and must be placed on a bed of sand or gravel or crushed stone
at least 30 cm thick. This bed keeps the waves or ripples of water from washing out the

Figure 9.8 Arrangement of a geo-membrane in a pond

30–40 cm

Geo-membrane

Bedding�
material

Original�
soil
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underlying embankment material that supports the riprap. Allow grass to grow through the
riprap to blend with surrounding vegetation.

Fencing off livestock
Complete fencing off of pond areas is usually recommended. Fencing provides the protection
needed to develop and maintain a good plant cover in the inlet, the spillway and other areas.
It provides clean drinking water and eliminates damage or pollution by livestock. If you fence
the entire area around the pond and use the pond for watering livestock, install a gravity-fed
watering trough just below the pond and outside the fenced area.

Measures for children�s safety
Children, especially in dry and hot areas, are very much attracted to any body of water. There
is always a chance of injury or drowning, and you can never tell what a child passing by may
be tempted to do.

Therefore, to prevent injuries or drowning of children and to protect the community in
general, the pond area must be fenced properly.

9.9 MAINTAINING THE POND
Every pond, no matter how well planned and built, must be adequately maintained if the
intended benefits are to be realized throughout its expected life. In the past, lack of mainte-
nance has caused severe damage to many ponds in Eritrea. Some structures have failed
completely. For a pond to function well the following measures must be taken:

• Inspect the pond periodically. Be sure to examine it after heavy rains to determine
whether it is functioning properly or needs minor repairs. Repairing damage immedi-
ately usually eliminates the need for more costly repairs later. The damage may be
minor, but if neglected it may increase until repair becomes impractical and the entire
structure has to be replaced.

• Fill in rills on the side slopes of the pond embankment and any washed-away areas in
the spillway immediately with suitable material and compact it thoroughly. Reseed or
replant these with grass sods and fertilize as needed. If there is evidence of seepage
through or under the pond embankment, consult an engineer at once so that you can
take proper corrective measures before it causes any serious damage.

• Trim the vegetation on the sides of the pond and on the earth spillway frequently to
encourage development of a dense cover of plants that is resistant to runoff. If the plant
cover is protected by fencing, keep the fences in good repair.

• Always keep the embankment free of shrubs. One reason is that the root systems of the
shrubs penetrate the embankment and make it loose and permeable.

• Keep the water in the pond as clean and unpolluted as possible. Do not permit unneces-
sary trampling by livestock. If fencing is not practical, pave the approaches to the pond
with small rocks or gravel. Divert any drainage that is a source of contamination away
from the pond.

• In areas where surface water encourages mosquito breeding, do not keep any aquatic
growth or shoreline vegetation and take special precautions in planning, building and
operating the pond.

• In some areas, algae and other forms of plant life may become unpleasant. They can
cause a disagreeable taste or odour in the water, encourage bacterial development, and
produce an unsightly appearance. Therefore, minimize the growth of algae and aquatic
plants by avoiding excessive amounts of nutrients reaching the pond. This can be achieved
by keeping livestock away and preventing any flows of nutrient-rich water into the pond.
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Chapter 10

Design and construction of sub-surface dams

10.1 DEFINITION
A sub-surface dam or an underground dam is a dam whose main body is constructed below
the level of a riverbed, as shown in Figure 10.1. It is constructed across a river to block the
flow of the underground water. There are very few sub-surface dams in Eritrea. Examples of
such dams are the ones located at Dogali and Wia�a. They are used to supply water to major
settlement areas such as Massawa.

10.2 PURPOSE
A sub-surface dam aims at economic utilization of the groundwater that normally flows through
a riverbed as sub-surface flow. This groundwater is usually in a state of movement, draining
from high- to low-lying areas. In some cases this groundwater is easily exploitable, while in
other cases it is difficult.

A sub-surface dam may have one or all of the following functions:
• To block the flow of groundwater and allow it to be stored for immediate or future use, as

shown in Figure 10.2

Riverbed�
surface

Foundation

Crest �
of dam

Direction of �
water flow

Lower surface of riverbed material and �
upper surface of underlying material

Figure 10.1 Three-dimensional view of a reinforced concrete sub-surface dam
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• To raise the water-table level and thus make the water easily accessible and reduce
pumping costs, as shown in Figure 10.3

• To raise the water-table above the surface of the river and divert the water by gravity. In
this case, the level of the crest of the dam is made higher than the elevation of the
riverbed, and of course also higher than the elevation of the area to be irrigated.

A great advantage with the most common types of sub-surface dams is that the evapora-
tion is very low since there is no open water surface. The water quality is also normally very
good.

10.3 TYPES OF SUB-SURFACE DAM
Sub-surface dams can be classified into four types depending on the materials used for their
construction:

• Reinforced concrete sub-surface dams
• Masonry sub-surface dams
• Earth sub-surface dams
• Geo-membrane sub-surface dams.

Reinforced concrete sub-surface dams
A reinforced concrete sub-surface dam is a thin wall made of reinforced concrete. It is the most
widely used type of sub-surface dam. It is a durable structure, relatively expensive but suit-
able for any dam height.

Masonry sub-surface dams
Concrete blocks or stones are used for the construction of a masonry dam. Such a dam can be
constructed very easily by local artisans. A masonry dam is also durable and suitable for any
dam height. The dam is cheap when construction materials are available in the vicinity of the
site.

Well
Raised �

water-table �
level

Original �
water-table

Figure 10.3 A raised water-table level after dam construction

Figure 10.2 Groundwater stored behind a sub-surface dam

Subsurface �
reservoir

Sub-surface �
reservoir

Watertable levelWater-table level

Riverbed level
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Earth sub-surface dams
An earth sub-surface dam is a dam constructed of impermeable soil material. Clay or clayey
soils are mostly used for the construction of this kind of dam. Black clay soils are suitable for
this purpose. This type of dam is relatively expensive to construct, and it requires special skill
for its design and construction. An earth dam can easily be damaged and even destroyed by
underground flow. Earth sub-surface dams are not popular, are seldom used and only for
minor works.

Geo-membrane sub-surface dams
Geo-membranes can be either permeable or impermeable. Here we call a sub-surface dam
made with an impermeable geo-membrane a �geo-membrane sub-surface dam�. It is the cheapest
of all the types with regard to construction cost and no special skill is required for its installa-
tion. The geo-membrane material may be expensive, however.

There are other types of sub-surface dam that employ more sophisticated technology, but
we do not discuss these types in this manual.

10.4 DESIGN OF SUB-SURFACE DAMS
The design of a sub-surface dam normally includes site selection and site survey, structural
design and selection of construction materials.

Site selection
When selecting a dam site, an exhaustive study should be conducted, including physical and
socio-economic factors. Possible dam sites must be compared carefully, and a number of site
visits are essential to identify critical features. During site selection, the following factors
need to be considered carefully:

• Ownership of the dam site. To avoid conflicts, care should be taken in areas where the
dam site is owned or used by two or more villages or individuals.

• Physical suitability of the site for dam construction. Flat riverbed areas store relatively
large volumes of water with a low embankment height.

• Width of the riverbed. A narrow riverbed is desirable in order to minimize the embank-
ment volume.

A masonry sub-surface dam
under construction

Impermeable geo-membranes are
useful materials for construction of

sub-surface dams
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• Type, suitability and availability of construction materials. This will help to decide
what type of dam to construct. Obviously a masonry dam is not a good choice if there are
no stones in the vicinity.

• Location of irrigable areas in relation to the dam.

After identifying possible dam sites, they must be ranked in order of suitability. A narrow
riverbed and a flat riverbed area are very important factors that should be given considerable
weight while comparing different sites. All alternative sites should also be compared with
regard to the amount of labour and materials required for the construction of the embank-
ments.

Meetings should be conducted at all stages of decision-making to ensure that decisions
made are in line with local aspirations. If the dam is to be owned by several communities, it is
essential that they all participate in decision-making to avoid future conflicts.

Site surveys
A site survey is important as a basis for the design of the embankment, to determine the
storage capacity and to estimate the cost of the dam. A detailed survey that involves a lot of
trench digging should not be carried out, unless it is for major projects. This is because such
investigations are very expensive. The villagers can usually provide important information on
base flow, depth and other important factors. In addition, an inventory of existing nearby
wells with regard to depth, soil formation and bedrock characteristics can give important
guidance.

Design of embankments

Reinforced concrete dams
There are two main forces acting on sub-surface dams. These are soil pressures acting on both
the upstream and downstream faces of the dam. The magnitude of these forces is almost equal
but opposite in direction. Because of this, the design requirement of a sub-surface dam is
simple. Structurally speaking, the dam is quite safe against sliding and other problems caused
by external forces that affect surface dams. Therefore, a sub-surface dam is usually quite
stable to any depth.

However, during construction or during repair work, one side of the dam may remain open
while the opposite side is exposed to soil pressure. During these short periods, the dam may
face risk of collapse. The dam embankment would have to be designed as a retaining wall to be
safe in a situation where all soil is removed on one side. However, for deep dams that require
high embankments, this kind of design will result in structures that are too expensive.

To keep costs as low as possible, the following design is recommended. For dam heights of
less than 4.5 m, the embankments should be designed as a retaining wall, and below the
depth of 4.5 m a fixed wall thickness is to be maintained. This means that the difference
between the upstream and downstream fill-material level should never be more than 4.5 m.

To be stable and durable the wall must be built on a foundation (see Figure 10.4 and
Section 10.5). Wall thickness and reinforcement-bar requirements for different wall heights
are presented in Table 10.1 and shown in Figure 10.4.

Table 10.1 Wall dimensions and reinforcement requirements for different wall heights

Height of Thickness (m) Reinforcement bar Reinforcement bar
wall (m) diameter, main (mm) diameter, tie (mm)

Top Bottom Diameter Spacing Diameter Spacing
< 1.5 0.15 0.15 10 200 8 200
1.5�3 0.15 0.25 16 210 8 220
3�4.5 0.15 0.35 20 155 10 150
> 4.5 0.15 0.45 20 95 10 130
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Construction materials
Concrete structures are not absolutely watertight. Big cracks may also develop after the
completion of the work. Therefore, to prevent seepage, the upstream side of the dam is plas-
tered smooth or painted with asphalt and/or covered with plastic material. However,  leakage
through the cracks is usually insignificant. In any case, a certain amount of water should be
allowed to pass the dam for downstream users or for ecological reasons.

A large surface area of concrete normally requires so-called contraction and construction
joints. These joints are provided every 5�10 m. But unless the sub-surface dam area is ex-
tremely large (more than 30 m wide or 10 m high), the concrete can be constructed without
joints. If such joints are required, a qualified engineer should be consulted for their design.

Masonry dams
A masonry sub-surface dam is normally suitable for shallow depths and when suitable stone
is available close to the site. The same design principles apply to masonry sub-surface dams
as to the reinforced concrete dams described above. Therefore, a masonry sub-surface dam is
also designed as a retaining wall. The recommended wall thickness at different wall heights is
given in Table 10.2 and Figure 10.5.

Table 10.2 Wall dimensions for different wall heights

Dam height (m) Wall thickness (m)
0�1 0.5
1�2 1.2
2�3 1.7
3�4 2.2
> 4 2.7

15 cm

15 cm

15 cm 15 cm
30 cm

450 cm450 cm

30 cm

45 cm

100–200 cm

45 cm

100–200 cm

15 cm

H

�

Main reinforcement �
bar

Tie reinforcement �
bars

Figure 10.4 Concrete wall for a sub-surface dam showing wall thickness and
details of the reinforcement
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Mortar of 1:5�1:6 mix can be used. No lime should be added to the mortar. The masonry
structure should be braced at the top with 0.20 m reinforced concrete. To prevent excessive
leakage through the dam, the upstream side of the wall is covered with chicken-wire mesh
and plastered properly. If the dam is expected to be completely watertight, asphalt paint and/
or a plastic cover can be applied after plastering.

Earth-fill dams
Surface and sub-surface earth dams are basically designed and constructed in a similar way.
Detailed discussion on design and construction of an earth dam is presented in Chapter 8. The
following points should be taken into consideration when planning and constructing an earth
dam.

• Dam shape:
� Side slopes: The dam is provided with a minimum slope of 1 vertical to 1 horizontal

(1V:1H) on both upstream and downstream sides.
� Top or crest width: The top width of the dam is kept at 3�5 m.

• Cut-offs: Details on cut-offs are presented under �Preparation of the foundation� in Sec-
tion 10.5, below.

• Construction material: Very impermeable soils like clay are exclusively used for this
purpose. If the fill material is a black clay soil that expands when wet, it is advantageous
to fill and compact it when it is very dry. Upon wetting, it will expand, becoming very
watertight.

• Filter material: In some instances the riverbed is made up of well-graded material that
can be a good filter material for the dam. In many other instances, the dam must be
provided with proper filter material brought from other sites. In yet other instances, the
earth-fill dam is provided with filter material only on the downstream side. This is to
prevent soil particles, taken away by water percolating or leaking through the soil em-
bankment, leaving the embankment. A sand filter or other suitable filter material is
provided at the bottom of the downstream side of the dam. The arrangement of the filter
material is shown in Figure 10.6.
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The service of a qualified person is usually required to design and construct an earth-fill
sub-surface dam. Without this technical assistance, the design and construction of an earth
dam is not recommended.

Geo-membrane dams
The design of a geo-membrane dam is very simple. The geo-membrane fabrics come with the
necessary information when they are bought from the supplier. Information like thickness,
width, what pressures it can withstand and so on are usually given. Therefore major engi-
neering calculations may not be necessary.

Geo-membranes should not come in contact with sharp objects because they can be torn
easily. Therefore, after the trench is ready, a smooth and soft bedding material must be
prepared before spreading the geo-membrane. To prevent leakage between the connections of
the geo-membrane and the foundation and the abutment, a narrow canal is dug across the
river and the material is embedded into the narrow canal and fixed in position with concrete
or soil.

A geo-membrane dam is the simplest type of dam to construct but the material may be
expensive.

Auxiliary structures for sub-surface dams
Various auxiliary structures like wells, outlets, canals and spillways may be installed in or at
sub-surface dams. The most important structures are wells and outlets.

Wells
Wells are commonly used for drawing water from sub-surface dams. A well should be located
on the upstream side and very close to the dam embankment. (See Chapter 11 for details on
construction of wells.)

The well can be located either in the stream bed or on one side of the stream bed. If it is
located in the stream bed, it must be protected from siltation by keeping its height about 0.5�
1 m below the surface of the riverbed. In this case, the top must be covered with a concrete
slab, and water can be drawn by use of a motor pump located outside the riverbed area. The
pump is then connected with the well through a pipe buried in the riverbed. Alternatively, a
well located in the riverbed can be constructed high enough to always be above the maximum
flood level, but in this case the construction must be strong enough to withstand branches,
tree trunks and other debris that may come floating down with the flood. The advantage of
having a well in the riverbed is that it may be possible to use a hand pump provided the
required amount of water is not too great.
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Figure 10.6 Arrangement of filter material for a sub-surface earth dam
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Outlets
Sub-surface dams are provided with outlets to control and supply water to downstream users.
In many instances the dam owners are prohibited from using all of the water that is available
in the riverbed, and availability to both downstream and upstream users must be considered.
There are usually no problems with upstream users, because in most cases more water be-
comes available to them when a dam is constructed. There may be a serious shortage of water
for downstream users, however, and this is a problem that needs to be solved. Therefore an
outlet must be installed to let out agreed amounts of water for the downstream users in a
controlled manner.

Sometimes, during repair works or for hygiene or other reasons, evacuation of the stored
water may be needed. To facilitate this an outlet fitted with a gate valve must be installed at
different elevations. A well just downstream of the dam embankment can serve as a passage
to the bottom of the dam to control the outlet gates and monitor the downstream water levels.

There are different arrangements for an outlet. One option is to install a perforated con-
crete pipe 20�50 m upstream from the dam at the required depth (Figure 10.7). The pipe
should not be less than 1 m in diameter if it is desirable for people to be able to inspect it. This
is not a must, however, and smaller-dimension pipes can also be used. The pipe should be
covered fully with filter material to prevent entry of sand and silt into the pipe that may block
it. Different sizes of gravel and sand are normally used.

Figure 10.7 Arrangement of an outlet for a sub-surface dam

10.5 CONSTRUCTION OF SUB-SURFACE DAMS

General
An important activity in the construction of any sub-surface dam is keeping the site dry. This
is done by continuous drainage of the site until at least one-fourth of the dam height is con-
structed. Any failure to keep the site dry may cause many problems and incur additional
costs. With an earth dam the consequences are very serious. The longer it takes to finish the
dam the greater are the chances of major problems. It is always important to complete the
construction of a dam as quickly as possible and construction activities should, therefore, be
carefully planned.

It is better to commence construction when the sub-surface flow is at its lowest level and
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the necessary equipment, materials and labour are available and other necessary prepara-
tions are completed.

Construction of sub-surface dams begins with trench digging followed by foundation prepa-
ration and, finally, by construction of the dam embankment.

Trench excavation
For a shallow depth of 4�7 m, or if the riverbed material is made up of stable soil which does
not cave in easily, manual labour can be successfully employed for digging. In the case of deep
trenches, the assistance of heavy machinery is recommended. This is important, especially
when the riverbed formation is sandy. Generally, a trench should be dug down to bedrock
level, or to an unfissured firm impervious soil level.

The trench can have:
• A vertical face if the formation material is stable and the trench is shallow
• A sloping face if the formation material is unstable and if the trench is deep. A stable

slope for trench sides depends on the type of material in the riverbed, and it can easily be
determined when digging starts. In pure sand the side slope can be about 1V:1H (45º) or
flatter.

There must be enough space at the bottom of the trench to accommodate the foundation of
the dam, and space for labourers, motor pumps, etc., as required.

The main difficulty in digging trenches for sub-surface dams is when there is a high
water-table. In trenches with a high water-table, the cost of pumping is high, and there is also
a considerable risk of accidents. Water will usually seep out through the face a�b (Figure
10.8) and wash out small particles into the open trench. Such particles will be deposited on the
opposite face making that face gradually less permeable. It will become increasingly difficult
to keep the site free of water. This requires additional clearing and maintaining a flatter
slope.

The following method may be used for digging a trench when the water level is high. Two
trenches are dug about 30�40 m apart. One of the trenches is used to pump out the under-
ground flow in order to avoid water accumulating in the second trench or to reduce the water
depth to a minimum level. The second trench, on the downstream side of the first trench, is
the site for dam construction.

Preparation of the foundation
When a trench is dug, a foundation is constructed at the bottom of the trench to support the
dam embankment and/or to prevent it from sliding and sinking. The foundation should also
prevent seepage between the surface of the trench and the dam embankment. When this
method and the available pumps are not adequate to keep the site dry enough for normal
construction, the work must continue under water, as described below (�Foundation on wet

Figure 10.8 A trench dug in a river bed with a high water-table
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sites�).
In earth dams, a cut-off is required to control seepage. This is made parallel to the centre

line of the dam and it should continue on to the abutment.
Depending on the site situation and the type of dam, there are different methods of prepar-

ing the foundation.

Foundation on a hard formation
One example of a hard formation at the bottom of a riverbed is sound rock.

Reinforced concrete and masonry dams
Where rock is encountered in the bottom of the riverbed the rock should be prepared before
construction of the foundation:

• A minimum of 1�2 m width of the surface is cleaned thoroughly.
• Remove any loose layers and roughen the smooth surfaces by chipping and scraping.
• For fissured rock, grout using a mixture of cement and fine sand in a 1:2 ratio. The

mixture should have a cream-like consistency. Spread the mixture on the rock surface,
working well into any minor cracks and fissures.

• For deep and wide cracks, fill them using a 1:2:4 cement-sand-gravel concrete mix.
• Let the concrete and grout cure properly for at least 3�5 days before starting construc-

tion.

This surface is then covered with a 0.2-m thick layer of concrete (Figure 10.9a). When the
dam is a high one, to prevent a possible sliding of the dam body, dowels should be provided at
0.25 x 0.25 m grid intervals. Each dowel hole is drilled about 0.5 m deep into the rock and a
20�25 mm bar inserted firmly into each hole, as shown in Figure 10.9b.

Small earth dams
For a small earth dam less than 4 m in height, only cleaning and roughing the surface is
required. For major works, the dam must be provided with a cut-off, as shown in Figure
10.10. If the foundation is loose rock, the cut-off may be prepared by excavating a 2-m wide
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Figure 10.9 A solid foundation: (a) covered with concrete, and (b)
provided with dowels
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and 0.5�1.0-m deep trench parallel to the centre line of the dam. This is to prevent leakage
between the bottom of the soil embankment and the formation material. The trench is usually
filled with soil similar to that used for the embankment. It should be filled in in layers (0.2 m
at a time) and well compacted. If the rock is solid, an alternative is to construct a 0.5�1.0 m
high reinforced concrete wall to serve as a cut-off.

Geo-membrane sub-surface dams
A narrow trench about 0.3�0.5 m deep is excavated if the foundation is loose rock. The bottom
of the geo-membrane is embedded in the trench and the trench is filled with concrete. Another
method is to lay the bottom of the textile on the surface and cover it with concrete. These two
methods are shown in Figure 10.11.

Figure 10.11 Two methods of fixing a geo-membrane to the foundation

Figure 10.10 Cut-offs for earth dams on hard formation: (a) a
dug-out cut-off, and (b) a concrete wall cut-off
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Foundation on a soft formation
If the foundation material is made up of unfissured firm impervious soil, like clay, a cut-off
will usually be required to control seepage. This is true for all types of dams. A cut-off is
constructed parallel to the centre line of the dam embankment. It should also go very deep in
the abutment. The methods for constructing a foundation on a soft formation vary with differ-
ent types of dams.

Reinforced concrete and masonry dams
To prevent undermining of formation material, and to avoid possible sinking of the dam into
the formation material, a wide-base concrete foundation must be constructed at the bottom of
the trench. Another trench 0.5�1.0 m deep and about 2 m wide is dug in the bottom of the
major trench. A 0.2 m thick layer of concrete is cast (Figure 10.12a) in the trench. It may be
easy to use a prefabricated slab, but cast-in-place concrete is preferable for this purpose.
Continue the concrete work as shown in Figure 10.12b, and fill the remaining empty space
with compacted soil (Figure 10.12c).

Earth dams
A cut-off trench 2 m wide and 0.5�1.0 m deep is dug at the bottom of the trench parallel to the
centre line of the dam (Figure 10.10a). The trench is filled with soil similar to the soil for the
dam embankment by compacting it in layers of 0.2 m at a time.

Figure 10.12 Foundation for reinforced concrete and masonry
dams

50–100 cm

200 cm

(a)

(b)

(c)

Concrete slab

Concrete�
 fill

Compacted �
soil fill



10: DESIGN AND CONSTRUCTION OF SUB-SURFACE DAMS

111

Geo-membrane dams
A narrow trench about 0.3�0.5 m deep is dug and the bottom of the trench and the geo-
membrane is embedded in the trench. The trench is then filled with excavated material and
compacted properly, as shown in Figure 10.13.

Foundations on wet sites
Sometimes it may not be possible to keep the foundation of a sub-surface dam dry enough.
This may be due to inadequate pumps or other problems. It is not advisable to work in a site
full of water. However, if for any reason this cannot be avoided, the following method may be
followed.

Reinforced concrete and masonry dams
Dry concrete mix (without water, 1:2:4 cement-sand-gravel) is prepared and is filled in sacks
of reasonable size (about 25 kg). To make the sacks watertight, plastic bags are first put into
the sacks and filled with the dry concrete mix. The sacks are laid on the wet foundation and
stacked carefully. They are compacted by trampling on them. Depending on the depth of the
water, the sacks may be stacked up to a height of 1 m or more.

The handling of the concrete-filled sack causes small holes to appear in the plastic. Water
then slowly passes through these small openings and starts to moisten the concrete, which
then cures and hardens. A 10�20 cm concrete slab is cast on top of the sacks to strengthen the
dam embankment, as shown in Figure 10.14.

Figure 10.13 Methods for fixing a geo-membrane to a soft foundation
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Earth sub-surface dams
Earth dams are not usually constructed on rivers with a high water-table that cannot be dried
up easily. However, if an earth dam must be built in such a situation, it should be done under
the supervision of a qualified engineer.

Geo-membrane dams
Geo-membranes are the most suitable embankment materials in sites with a high water-
table. Concrete blocks weighing 25�35 kg, or sacks filled with dry concrete mix (prepared as
described above), or suitably sized and shaped stones, are used to keep the bottom of the geo-
membrane in close contact with the foundation material, as shown in Figure 10.15.

Dam embankment
The construction of the main body of the dam should start immediately after the foundation is
made ready.

Reinforced concrete and masonry dams
For concrete embankments, the reinforcement bars and formworks are put in place and a
1:2:4 (cement: sand: gravel) concrete mix is poured between the formworks and vibrated
properly. A concrete mixer and vibrator are essential for this work. The fill height must not be
more than 1.5�2 m at a time. The concrete must be cured properly for at least three days
before the next layer is cast.

A masonry embankment is constructed in a similar manner to that used in constructing
a house. To minimize leakage through the embankment, the upstream side is either covered
with chicken-wire mesh and plastered, or simply covered with impermeable sheet material
like plastic (see Figure 10.16).

Earth dams
Earth dams are constructed by moistening and compacting selected soil material in 0.2�0.3 m
layers. Construction must continue only when the site is reasonably dry. Construction of the
soil embankment and the filter material must proceed at the same pace and the back-fill
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Figure 10.15 The geo-membrane kept in place with stones, concrete-
filled sacks or concrete blocks
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should also gradually be put in place as the construction of the embankment progresses.
Thus, all areas are filled and compacted gradually at the same elevation. At least 5 m width
of the back-fill, on both upstream and downstream sides of the dam, must be compacted
properly. Once filling starts, flooding of the area must be prevented at all costs. The water-
table upstream of the dam must be kept at least 1�1.5 m below the level of the fill. If the site
is flooded accidentally, then at least two layers of the soil fill must be removed and refilled
with dry soil.

Geo-membrane dams
In the case of a geo-membrane dam, the construction involves putting the membranes in
place and welding the pieces together. Geo-membranes should not come in contact with sharp
objects because they can easily be torn. Therefore, the following should be observed during
installation:

• After the trench is ready, prepare a surface of smooth and soft bedding material on
which to spread the geo-membrane (see Figure 10.17). Stones and sharp objects like tree
branches are removed from the surface. The surface is made smooth by compacting it
lightly.

• If the formation material is composed of boulders, gravel or other rough materials, the
surface is covered with any suitable bedding material like fine sand or any sand with
fine material on top.

• The geo-membrane is laid down very carefully and kept in place by temporarily putting
stones or sand-filled bags on the surface. The stones should be removed when the trench
is back-filled, otherwise stones may perforate the geo-membrane.

The membrane is very light and slippery and can easily be detached by strong wind.
Therefore care must be taken during installation.

Material to be�
filled back

Riverbed surface level

 A large sub-surface geo-membrane
dam under construction

Figure 10.16 Reinforced concrete dam ready for back-filling
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Back-filling
Back-filling is the simplest activity in dam construction. Some people prefer to do it when the
whole dam body is finished, others as the construction progresses. In any case, back-filling on
both the upstream and downstream sides of the embankment should be done simultane-
ously. If filling is done only on one side, the unbalanced soil pressure on the structure may
cause it to collapse.

In earth dams, back-filling is carried out simultaneously with construction of the dam
embankment. The back-fill should be compacted in a 5-m wide section along the embank-
ment.

For geo-membrane dams, first the fabric is covered with proper bedding material and then
back-filling is done with the original soil. Refer to Section 9.6 for further details on how to lay
a geo-membrane.

10.6 MAINTENANCE
Properly constructed sub-surface dams are usually maintenance-free. Because the dams are
buried below ground level, any problems like cracks, internal erosion of embankment mate-
rial and tearing of geo-membrane fabrics are not visible or easily detectable. For this reason,
once the dam is in operation it can usually be completely forgotten until problems become
evident. Sub-surface dams are normally opened for repair only when there are serious short-
ages of water.

Figure 10.17 A geo-membrane with smooth and soft bedding material
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Chapter 11

Design and construction of wells

11.1 INTRODUCTION
Most parts of Eritrea receive very little rainfall. There are no perennial rivers, streams or
lakes, and thus wells and dams are a major source of irrigation and domestic water. Because
of these unfavourable conditions, construction of wells, both for irrigation and domestic con-
sumption, has been a major activity in most villages. Although wells are widespread through-
out the country, methods of well construction still need to be improved and well maintenance
is unheard of in many places. There are many wells with little or no yield, or that have even
been abandoned in spite of much effort having been invested in their construction.

This chapter provides practical information on selection, construction and maintenance of
wells, intended both for irrigation and domestic pur-
poses. More emphasis is given to open wells because
they are the most common in the country. Boreholes
are not dealt with extensively in this manual.

11.2 GROUNDWATER HYDROLOGY
The theoretical details of well hydraulics are too com-
plicated for the average farmer to grasp. However, at
the very least, a farmer needs to be aware of the el-
ementary hydraulics of wells so that he understands,
for example, why his well dried up, why the water-ta-
ble drops, and other common phenomena related to
wells. Some understanding of where the water in the
well comes from is essential for taking necessary pre-
cautions in using the water. It is especially important
to have some knowledge of the water cycle and of move-
ment and storage of water in the ground.

The water cycle
Water circulates between the oceans, the atmosphere and the land. Water from oceans and
land evaporates into the atmosphere, where it condenses to drops that come down to the earth
as rain or snow. When it reaches a land surface, some water flows as surface water back to
the oceans, while some of it infiltrates into the soil. Water that infiltrates into the soil may be
stored there for a long time as groundwater. Here and there, water comes out of the soil in the
form of springs. No new water is formed on earth; the amount is always constant and in
circulation. Water should be treated with respect and not be polluted! The water, or hydro-
logic, cycle is shown in Figure 11.1.

A well supplying water for irrigation



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

116

Groundwater, water-table and aquifer

Groundwater
The surface water that percolates into the ground trickles downward and fills the spaces
below the surface. Water is stored in cracks and pores in rocks and soil. The water that occurs
in the saturated zone below the earth�s surface is called �groundwater�.

Water-table
The upper surface of the groundwater is called the static water-table. The static water-table is
not a stationary surface but varies in elevation with season, with vegetation and with the rate
of pumping from the aquifer. The water-table rises during the rainy season because rain or
other surface water starts to percolate downwards and thus adds to the groundwater. During
pumping, or when the stored water starts to flow underground to other areas or springs, or
when there is water-demanding vegetation, the water-table goes down (see Figure 11.2).

Aquifer
The soil or rock formation where the groundwater is collected or stored is called an aquifer. An
aquifer permits storage as well as transmission of water through it. An aquifer is that part of
a geological formation that contains saturated material and which yields water to wells and
springs. A typical example of an aquifer is unconsolidated sands and gravels. The area occu-
pied by an aquifer can be large or small. It can be overlain and/or underlain by a layer of
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Figure 11.1 The hydrologic cycle
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relatively impervious material.
There are three types of aquifer:
• Unconfined aquifer: An aquifer in which the water-table is not overlain by a confining

bed of relatively impermeable material.
• Confined aquifer: An aquifer that is overlain and underlain by a confining bed of imper-

meable material and the groundwater is kept under pressure.
• Perched aquifer: An aquifer underlain by a bowl-shaped impermeable layer. The volume

of a perched aquifer is usually very small, thus the yield is also very limited. Perched
aquifers are also found in isolated rocks that do not allow the movement of groundwater.

Examples of different types of aquifer are shown in Figure 11.3.

A confined or unconfined aquifer is, in most cases, a continuous mass through which the
groundwater moves in one direction to appear on the surface as a stream or to recharge
another aquifer. The spaces in the rock are interconnected, permitting the movement of the
groundwater.

A good understanding of an aquifer is essential for a farmer in order for him to be able to
maximize the benefits from his well. This will help him, for example, to make forecasts of
when his well will dry up, or how much land to irrigate at certain months of the year.

If water is drawn unwisely, the stored water can be exhausted completely, or the water-
table goes down so much that it becomes uneconomical to pump the groundwater out. Activi-
ties for recharging the groundwater may be required.

11.3 TYPES OF WELL
Wells are usually classified as:

• Open or dug wells
• Boreholes (tube wells).

These two types of well have their advantages and disadvantages. Open wells are easy to
construct and maintain, and the cost of construction is relatively low. Boreholes are expensive
and require special skills and machinery for construction. Sometimes a borehole is drilled at
the bottom of an open well to increase its yield.

Open or dug wells
Open wells have relatively large diameters. Since these wells are usually constructed by
digging, they are normally shallow and have a low yield. Open wells are very widely used in
Eritrea. Normally they are constructed using local materials and no special skills are em-
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ployed for their construction. Different sizes, depths and construction materials are used.
Most of the open wells in the country are working satisfactorily, but occasionally with some
problems.

It is recommended that open wells be deep enough to extend about 4�10 m below the water-
table in the dry season. Open wells can be lined or unlined. Stone masonry and reinforced
concrete linings are widely used.

Mengisteab Kiflinkiel�s well
Mengisteab Kiflinkiel is a 48-year-old farmer living in Ziban-una village, Mendefera Subzone,
Debub Zone. He is married with five young children. Mengisteab practised small-scale horticul-
ture until about ten years ago, but he abandoned this business and worked as a driver until 2000.
Then he resumed his former occupation growing vegetables.

Currently, he has 0.25 ha of irrigated farmland as his share of the community land and another
0.5 ha contracted from his neighbours with an agreement to pay them ¼ of the produce. He has
a shallow open well that is 5�6 m deep and 4�6 m in diameter. This well is unlined and the soil
frequently collapses from its sides. The water is pumped from the well using a 15 horsepower
water pump which the farmer bought for 25,000 Nakfa. According to Mengisteab, the water is not
sufficient for irrigating the farm. He is planning to dig another well that would cost him 14,000
Nakfa. He uses furrow irrigation for growing potato, tomato and pepper, while basin irrigation is
used for onion and carrot. The size of each furrow is 0.3 x 4 m, while that of the basin is 3 x 3 m.

Mengisteab felt that his business would improve if he had access to improved seeds, for
example of onion. Another constraint is that he does not know how long he will be able to use the
farm as the community could re-distribute it to other community members at any time. If he was
sure of long-term use of the land he would make additional investments and improvements.

Boreholes
A borehole is usually lined with a perforated pipe that is sunk into the ground. The pipe may
be between 8 and 60 cm in diameter. Boreholes may go down as deep as 600 m or more, thus
their capacity is normally very high�in the range of 200�600 m3 per hour. But usually
boreholes are 150�200 mm in diameter and less than 200 m deep. Even a borehole with such
small dimensions, however, may yield 50 m3 per hour, or 14 litres per second, which is enough
to irrigate about 10 hectares.

Larger boreholes require sophisticated and expensive drilling equipment. The techniques
for drilling such boreholes are not covered in this manual. However, in the western parts of
Eritrea, shallow boreholes are constructed using simple technology (see Section 11.5).

11.4 DESIGN OF WELLS
Objectives
The objectives of well design are to:

• Minimize the cost of construction and maintenance
• Maximize the yield
• Minimize or decrease the risk of failure.

The following factors need careful consideration when designing wells:
• Site of the well
• Water quality
• Diameter and depth of the well
• Construction materials and lining
• Equipment needed in construction
• Well screens, if these are needed to prevent loose material from entering the well
• Gravel and filter packs (permeable material filled around the well to increase the flow of

water and to prevent loose material from entering), if needed.

Farmers often dig wells without properly studying the different aspects of well construc-
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tion and the cost involved. There are many cases where half-built wells are abandoned be-
cause the cost became too high or because there was no proper equipment to continue digging,
e.g. through solid rock or other obstacles.

Selection of a well site
Farmers often have knowledge about where water can be found in their area. Apart from
seeking advice from local people, it is also essential to look for:

• Vegetation that prefers sites with high groundwater
• Waterlogged areas
• Low-lying areas and sites where generally the topography favours high groundwater
• Areas where existing wells yield plenty of good-quality water.

There are also traditional methods for location of underground water flows that are worth
trying.

Location of a well on a farm
The site for a well must not interfere with farm operation, transportation or other activities.
It must be easily accessible during construction and operation.

Water quality
Whenever possible, the quality of the groundwater should be investigated before construction
of the well begins. There is no point in digging a well for irrigation or drinking purposes if the
groundwater is saline, for example. Sometimes the water can contain corrosive chemicals
that can block well-side openings and screen openings. Water quality is determined by labora-
tory testing, which may, however, not be easily available for the majority of farmers.

If there are existing wells around the proposed area, valuable information can be obtained
from their owners and from observations on the irrigated land and crops, e.g. whether there
are signs of salinity. (See Section 12.3 and Appendix 10 for details on salinity.)

Well diameter
Wells are usually dug with diameters in the range of 2.5�8 m. Most people in the Eritrean
lowlands, however, prefer very large-diameter wells. The reason is that they realize that
larger-diameter wells can serve as substantial night storage of water. This is especially true
for shallow wells where the water-table sinks rapidly during pumping.

In the highland areas, well diameters are usually in the range of 3�5 m. In most cases
these wells are deeper than those in the lowlands. There are a few wells in the country with a
diameter between 7 and 15 m.

The well diameter should not be smaller than the space required for one person to work
inside. If one person is working, the minimum well diameter must be 1.5 m. If two people are
to work on it, the minimum well diameter should be 2.5 m.

Another important factor to consider in determining well diameter is the space occupied by
a water pump. If the pump is to be placed inside a well, the diameter of the well should be
large enough to accommodate the pump seat, and there should be enough free space to work
during operation, installation and maintenance.

Well depth
The yield of a well is directly related to its depth. The deeper a well is dug, the higher the yield.
Unfortunately, open wells can only be excavated to a limited depth using manual labour, and
this limits their yield.

Most farmers think that if they make the diameter of a well larger, the yield will also be
higher. This is partly true, but the proportional increase in yield is very small. To maximize
the yield of a well it must go as deep as the depth of the aquifer. In this case, a greater draw-
down is available, which means greater well yield. However, special equipment is required to
excavate below the level of the water-table. Generally, attempts to increase the depth of a well
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are more rewarding than increasing its diameter.

Selection of construction materials
Available materials for well construction must be carefully studied. This includes how far
from the well site they are, means of transportation and cost. For dug wells, materials com-
monly used are stone, brick, sand, gravel and cement. For drilled wells the most important
materials to consider are lining, screen and filter-pack material.

The following factors should be considered while selecting materials for well construction:
• Well depth and diameter. The deeper and wider the diameter of the well the stronger the

construction material must be.
• Method of well construction. If the whole depth of well is dug first, a brick or masonry

lining may be used, but if the lining is to sink as digging progresses, it is highly recom-
mended to use prefabricated concrete pipe lining for small-diameter wells and cast-in-
place reinforced concrete for larger-diameter wells.

• Capacity of local skills in well construction.

Well screens
A screen put inside a well to prevent loose material surrounding the well from falling into the
well is called a well screen. The following factors should be considered when selecting a screen
for a borehole:

• Screen slot size�screen slot opening
• Screen diameter
• Screen transmitting capacity (its capacity to allow water to pass through the screen

openings).

The full details of these factors are beyond the scope of this manual. The advice of a quali-
fied person is needed.

If a well screen is sunk by local people, then the screen can be locally manufactured by
drilling or cutting a small opening with a saw in a 6-inch plastic or cast-iron pipe. In most
cases such screens work well, but in some cases their performance is not satisfactory. For
example, they may very quickly become filled with sand, or get crusted or rusty and blocked.

Gravel and filter packs
Sometimes the area surrounding the well lining or screen is filled with sand and/or gravel of
different sizes. Such material is called a filter pack, and this is done to increase the permeabil-
ity of the surrounding material and prevent the fine formation material from getting into the
well or blocking the screen openings.

A filter pack is mostly used in boreholes and is not common in hand-dug wells. However, in
a hand-dug well where the hole is dug with a slightly bigger diameter than the intended
lining, an empty space is created between the lining and the formation material. This empty
space is normally filled with the formation material or with stone, but filling with well-graded
sand and/or gravel is a much better option. However, the upper part (2 m) of this space should
always be filled with impermeable material to prevent surface water from entering the well.

A filter pack can increase the flow of water to a borehole if well-graded materials are
selected. A suitable well-graded material is a mixture of almost equal amounts of very fine,
fine, medium- and large-sized materials. Consultation with a qualified person is recommended
for selection of filter-pack material. As with hand-dug wells, the upper 2 m or so should be
sealed with impermeable material (see Section 11.5, below, for further details).

11.5 CONSTRUCTION OF WELLS
Open wells can be constructed with or without lining. This depends on the type of soil, the
properties of the aquifer, the depth and diameter of the well, local traditions, skills and prefer-
ences, and other economic factors.
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Wells without a lining
There are many wells in Eritrea that were constructed without lining. In hard formation the
walls of a well can stand vertically without any support. The depth is generally limited to 5�
10 m. However, there are many wells, especially in the Ala plain, which are more than 30 m
deep and have no lining. Caving-in is a common problem in such deep unlined wells.

Even though unlined wells are very cheap to construct, the maintenance cost is fairly high
and they are extremely dangerous because the sides may collapse or cave in. Therefore, they
are not recommended unless for temporary use or where the water-table is very high and thus
only a very shallow well is needed.

Wells with lining
Lined wells are most common in Eritrea. There are two methods for constructing them:

1. First the hole is dug to its full depth, and then the liner is constructed starting from the
bottom of the well.

2. Digging of the hole and liner construction are done simultaneously.

The activities involved in each of these methods are described below.

First method of construction

Pit digging
Open wells are normally dug out by manual labour. A bailer is very suitable for digging wells
if it is available and affordable. Backhoe loaders, and sometimes bulldozers, may also be used
for excavation of large wells.

The diameter of the hole is made 0.5�1 m larger than the diameter of the finished well.
This is to allow room for manoeuvre during the construction of the liner.

Digging in hard formation will not generate caving-in problems. The walls of the well can
therefore be kept vertical. There is normally no need for formwork to support the walls.

In soft formation, however, there is a danger of collapse and either formwork is used to
prevent it or the walls are kept slanting at a slope of 8 vertical to 1 horizontal, or flatter. In
order to reduce the digging cost, some people take the risk of digging vertical walls in soft
formation. They may succeed, but caving-in may cause loss of life.

Normally, digging continues below the water-table depth. Unless special digging equip-
ment is used, workers cannot dig to a depth more than 0.5 m below the water level without

0.5–1 m

D

(a) (b)

Formwork to prevent �
the walls from caving in

Vertically dug wall

Wall dug on�
the slant

8 m or less

1 m

Figure 11.4 Digging a well in soft formation: (a) with formwork, (b) without
formwork but with sloping sides
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the water in the hole having to be continuously
pumped out. A motor pump is normally required
for this purpose. Excavation below a water-table is
difficult anyway. Depending on the rate of flow of
water to the well, it may be possible to dig 2�6 m
below the water-table manually. To increase the
rate of digging below the water-table, the diameter
of the well may be reduced.

Another way of utilizing a lower aquifer is to
put a borehole in the centre of the well to tap water
from the aquifer.

It is advisable to dig the hole at a time when
the water-table is at its lowest level. This informa-
tion can be obtained from nearby existing wells.
The water-table is normally at its lowest at the
beginning of the rainy season.

Equipment required for digging small or
medium-sized wells
The most essential tools and equipment required for digging a well are:

• A pick-axe and shovel for digging in soft soil
• Hammer and chisel for breaking stone or any other hard formation
• Bucket, rope, platform and tripod with a pulley for excavating material from the hole
• Wooden poles, plywood and other materials for carpentry, or a circular steel platform for

supporting well walls
• For constructing linings: Equipment normally used by local masons. A concrete mixing

machine and a vibrator are essential when working with large volumes of concrete.

Clearing of excavated material
After digging has been completed, the next step is to clear the surrounding area of all the dug-
out material. Except for a small amount required for back-filling, all other material should
either be spread over adjacent farmland or taken to a dumping place. If this is not carefully
done, some material may fall back into the well, requiring extra and unnecessary work to
remove it again.

Preparation of construction material
This should preferably be done before the digging starts. Construction material may include
filter pack, stones, bricks, cement and reinforcement bars.

Sufficient quantities of materials must be prepared to complete the lining without inter-
rupting the work. The amount of material needed depends on the well diameter and depth and
the thickness of the lining. Some simple calculations will be required. Lining material is
placed around the well in such a way that it does not interfere with the work. Cement must,
of course, be protected from any splashing of water.

Construction of linings
Construction of the lining starts at the bottom of the well. If the bottom of the well is a hard
formation, the liner will not sink into the foundation, so construction of the liner can start in
the way one starts to construct a simple wall.

In soft soil like sand or soft clay, however, there is a tendency for the liner to sink into the
foundation as it is loaded with more and more material. To prevent such sinking, the liner
must be built upon a kerb. A kerb is a circular ring about 50-cm thick made of reinforced
concrete placed under the lining to provide a stable foundation for the lining.

The liner can be constructed of reinforced concrete, stone or brick masonry. The best
material is reinforced concrete.

Well with high water-table under construction
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A reinforced concrete liner is constructed using a circular steel formwork. The steelwork
consists of two concentric rings of metal, as shown in Figure 11.5. A 12�20-cm thick concrete
lining can be constructed with such formwork, and normally two sets of formwork are re-
quired. The diameter of the formwork is made equal to the diameter of the well and the
formwork depth is kept between 0.5 m and 1 m. But with highly skilled workers and good
concrete mix, up to 1.5 m depth can be used.

Reinforcement bars are first put in place and the circular steel formwork is put into posi-
tion above the kerb. Using a 1:2:4 cement, sand and gravel concrete mix, the formwork is
filled and properly vibrated. After a day or two, the second steel formwork is put on top of the
previous one. It is then filled with concrete. Then the lower formwork is removed and put on
the top, and the process continues until it reaches the surface.

The permeability of water through a normal concrete lining is very low. The lower liners
should be provided with 5�15 cm diameter holes to allow the entrance of water. These holes
should be arranged in a staggered pattern and be about 50 cm apart. This can be done during
casting by putting a brick or piece of wood in the position of each hole and then breaking it
open after the concrete is properly set. Every time a ring is completed, the outer space is

properly filled, preferably with previously prepared filter material.

Brick or stone masonry

A lining of bricks or stones is constructed by a local mason, just like any other wall. If stones
are used, some sections should be left without mortar to facilitate inflow of water. But it is
essential to avoid using smooth stones for building such sections to ensure that they do not
cave in later. No lime should be used in the mortar. If bricks are used, small openings are left
here and there for the water to pass easily.

Sealing or grouting
The surface near the well should be sealed to prevent leakage of surface water along the lining
and to prevent contaminated water getting back into the well. Normally such a seal is pro-

A well with a concrete lining at Hamelmalo,
Anseba Zone

Joints for the �
different sections

Figure 11.5 Steel formwork consisting of two
concentric cylinders
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vided in the form of an extension of the surface cover. By extending the cover about 2�3 m
from the edge of the well, spilt water will be prevented from infiltrating back into the well and
contaminating it. To further reduce infiltration along the lining, the upper part of the space
between the lining and the dug-out formation is filled with properly compacted clay or other
impermeable material. The area nearest the well is filled to a level a bit higher than the
surrounding ground to ensure that spilt water does not accumulate near the well but is
drained away. More material should be added in case the area near the well sinks later due to
further compaction of the filled material; the ground near the well must always remain slightly
raised compared to the surrounding area.

Second method of construction
In many cases the wall of a well cannot remain vertical without any support. During digging,
either the walls must be supported using formworks, as explained in the previous section, or,
alternatively, the liner is constructed at the same time as digging progresses. Reinforced
concrete or pre-cast concrete pipe liners are suitable for such work, but brick or stone ma-
sonry can also be used.

The procedure for constructing the lining as digging of the well progresses is as follows:
• First dig without lining until the walls become unstable or start to cave in.
• At this point, the kerb and the first layer of the liner are installed, as described in the

previous method. In this situation the kerb has a slanting edge at the bottom, as shown
in Figure 11.6, and its top, upon which the liner is built, is flat. The design with a
slanting edge is to ensure slow and uniform sinking of the lining when the well is dug
from inside the lining. If the sinking is not controlled and uniform, there is a risk that
cracks will develop in the wall and that the upper part will separate from the lower part.

• Digging inside the liner continues and the liner starts to sink. As it sinks, another layer
of liner is built up on top. Water is poured outside the liner to make it slippery.

• Sometimes the liner may become stuck and refuse to sink. In this case a weight is added
on top of the liner, or a motor is mounted on it and run there. The vibration caused by
the motor should cause the liner to sink.

• It is very important to make sure that the liner sinks vertically and not at an angle. If it
starts to tilt, this can be corrected by removing more soil from one side then the other,
loading the appropriate side of the liner, or adjusting the loads if it is already loaded.

Installation of borehole screens
Most boreholes in Eritrea have been constructed by private companies that own large and
sophisticated drilling equipment. A description of the methods for constructing deep boreholes

(a) Three-dimensional view (b) Top view
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(c) Cross-section
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20 cm

50 cm
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Figure 11.6 A kerb
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with such equipment is beyond the scope of this manual.
There are also, however, small-scale contractors who drill boreholes using very simple

equipment. This is especially so in the western lowland areas, and specifically along the Gash
River. The aquifer there is mostly in sand or other alluvial deposits through which it is very
simple to drill.

The local contractors use a tripod on which a pulley is hung, and a rope hung through the
pulley. One end supports the bucket and the other end is attached to a fixed weight. Two or
three workers move the bailer up and down until it is filled with loose soil. It is then taken out
and emptied. At the same time, a locally manufactured screen (usually made by cutting slots
in a steel pipe) is pushed down into the borehole until it reaches the required depth, which
normally is limited to 6�12 m.

Boring and deepening of wells
The capacity of an existing dug well can be increased by boring or deepening it. A sectional
view of an open well with a borehole is shown in Figure 11.7.

The objectives of deepening a well are two-fold:
• To increase the storage capacity of the well, and
• To expose additional water-bearing joints, cracks, crevices, etc.

Wells dug in alluvial soils can be deepened manually. In soft rock formation, excavation of
a few metres can be achieved using local resources. However, in hard rock formation, the use
of explosives will be required.

Boring a well involves drilling a borehole of a relatively small size through the well bottom
and extending it down to a water-bearing formation in order to tap the underlying aquifer.

11.6 THE PROBLEM OF QUICKSAND
Quicksand, or running sand, is mobile fine-grained sand which is sometimes encountered in
well sites, mainly along riverbeds. During excavating, or during pumping, this quicksand
flows towards the well, filling it completely with sand. Quicksand is also pumped out with
water, thus blocking irrigation canals, pipes and other structures. It is possible to clean

Figure 11.7 Cross-section of an open well with a borehole in the middle
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quicksand out of a well, only to find the next day that the well is again full with a fresh inflow
of quicksand.

In such areas, boreholes are easier to construct and maintain, although they are expen-
sive. Preferably, the borehole should be deep enough to extend beyond the quicksand zone, and
sand should be prevented from getting into the borehole by use of a screen without openings
(blind screen) at the level of the quicksand layer. If the aquifer is in the quicksand layer,
however, this becomes more complicated. Boreholes in quicksand areas always require proper
screens or filter material, and the advice of a qualified person should be sought.

If for some reason open wells are to be constructed, they should be provided with proper
filter material to prevent the flow of sand into the well (Figure 11.8). Reinforced concrete
liners are suitable in quicksand areas. Other types of liners can also be used, but are less
suitable.

The method of constructing open wells in quicksand areas is as follows:
• Dig the hole in a normal way until both the quicksand and the water-table are encoun-

tered. Above the water-table the sand poses little problem.
• Prepare a kerb that will regulate the sinking of the liner and install the first 1�3 layers

of the concrete liner (1.5�3.0 m in height). Always try to force the liner 0.3�1.2 m below
the bottom of the hole.

• Continue digging to deepen the well until the sand starts to flow towards the hole. The
liner should gradually be sinking. Before the sand is approaching the upper edge of the
liner, stop digging and construct additional height to the liner. The digging can continue
again with the liner gradually sinking.

• Repeat the above procedures until the required depth is reached.

Quicksand starts to flow towards a well only when the water-table in the well is below the
static water-table, that is during pumping when water is flowing to the well. When the well is
full of water (static water-table) there is no movement of quicksand. Therefore, while digging
open wells the flow of quicksand can be prevented by removing material while the excavated
hole is full of water. However, a bucket or sand pump will be required for lifting the excavated
material from a depth full of water.

After the excavation is completed, further entry of quicksand at the bottom can be pre-
vented by putting in a thin layer of clean coarse sand and weighting it in several layers of
sand and gravel of increasing coarseness. In this way you create a graded sand filter, each
layer of which is held in position by slightly coarser material above it, as shown in Figure
11.8. The different materials are put in place very carefully when the hole is full of water. If
they can be afforded, there are also ready-made filter materials on the market.

11.7 POTENTIAL PROBLEMS AND MAINTENANCE OF
WELLS
Collapse of liner
The lining of a well may collapse due to high external pressure. A well lining constructed of
stones without mortar must be inspected periodically. Some of the stones may be displaced
due to the pressure of the soil they support, and this may result in complete collapse of the
well. If there are signs of such problems, the affected stones will have to be removed, together
with some of the soil behind them, and then replaced by stones stabilized with mortar. Alter-
natively, try to stabilize the affected area by injecting mortar into the joints between the
stones.

Sinking of liner
The well liner may keep on sinking continuously until it reaches a solid surface. This is more
common in sand formations and may result in the liner breaking up and thus leaving a patch
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in the well without a lining. Alternatively, if the whole lining sinks the result will be that the
top part of the well has no lining. This, in turn, may result in soil filling part of the well and
the water becoming contaminating.

One way of preventing the lining from breaking up is to construct preventive structures,
e.g. concrete pillars, inside the lining and attached to it. If the liner still breaks up, two
methods of rehabilitation can be tried: either apply pressure to the top of the well liner so that
it sinks to meet the lower portion of the liner, or try to patch up the space between the top and
the sunken part of the liner with mortar.

Clogging
Well intakes and pores may be clogged by biological growth (for example by roots and algae),
by chemical processes (incrustation), or mechanically (for example by sand, clay or
stones). This may decrease the flow of water to the well. This kind of clogging can be avoided
or decreased by the addition of acids or chlorine, or by physical removal of the plant material
or accumulated sand, or by shading the well (preferably cover it completely with a lid) to
deprive the plants of sunlight. If chemicals are used, the well must be cleaned by repeated
pumping before the water is used for human or animal consumption.

Cavity formation in wells
If a well is pumped at too high a rate, the water-table goes down drastically and water from
the surrounding area starts to flow towards the well at a high velocity. If this velocity becomes
too great, the water will start to dislodge soil particles, which then enter the well. If the
bottom of the well is not sealed, sand and other particles will be dislodged. As more and more
particles are disturbed, a hollow is created in the bottom of the well. Sometimes the soil
adjacent to the lining is washed into the well, leaving a hollow space there also. If the forma-
tion of this hollow space is not controlled, either by sealing the bottom with concrete or putting

Figure 11.8 Arrangement of filter materials in a well with quicksand
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in filter material or slowing down the pumping rate, the depression becomes larger and larger
and the well lining may subside or become suspended without any support, causing it to break
away from the top part. If signs of cavity formation occur, the only solution is to reduce
pumping speed. If there is a need for large quantities of water, additional wells must be
constructed.

Other kinds of well failure
There are many other reasons for well failure. Some common ones are:

• The well is located in an unproductive aquifer. Either the water-table is very low or the
permeability of the aquifer is too low to produce the required amount of water. In this
case there may be no other option than to construct a new well.

• The lining was not properly installed, or the proper kind of lining was not used. Improve-
ment of the lining or construction of a new well are the solutions.

• The well was not properly protected from external contaminants and drainage or splashed
water gets into the well easily. Animal urine infiltrates into the well and there is no
proper drainage. In this case, impermeable material added on the ground near the well,
improved drainage and better arrangements for watering livestock are the possible op-
tions.

• Fine clay or sand, silt or other waste material was not properly removed from the well
after its construction. In this case the well must be cleaned.
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Chapter 12

Introduction to irrigation

12.1 IRRIGATION IN ERITREA
Area under irrigation
Existing irrigated crop production in Eritrea is mostly based on seasonal, predominantly
spate irrigation systems. Most of the spate irrigation is in the eastern lowlands. The total area
under seasonal irrigation comprises some 22,000 ha, with a much smaller area (about 4,000
ha) being under perennial irrigation, mostly from shallow groundwater, but also from dams
and springs. This implies a total of approximately 26,000 ha currently under some form of
irrigation, equivalent to about 6% of the cultivated land, but only 0.2% of the total land area
of Eritrea.

Spate irrigation systems have a long history in Eritrea. Spate flows are diverted by means
of brushwood and earth structures into large bunded fields. Water is led into the fields, and
since the bunds are usually at least half a metre high a considerable depth of water can be
achieved. The water brings silt and nutrients to the fields, and the water is retained long
enough to infiltrate deep into the soil. Sorghum is the most common crop grown under spate
irrigation. One crop of sorghum is usually followed by a ratoon crop. All spate-irrigated crops
use the residual moisture in the alluvial soils or silt, which are usually quite deep.

Irrigation from groundwater takes place primarily from aquifers along the lower Gash and
Barka rivers. These systems comprise lined, hand-dug wells, often 3 m in diameter and 6�12
m deep. Additional boreholes are sometimes drilled from the bottom of the shallow wells to
reach water in deeper aquifers, as described in Chapter 11.

Between 1992 and 1998 more than 50 dams were constructed by the Ministry of Agricul-
ture and NGOs. The storage capacity of these dams varies from less than 10,000 m3 to over 1
million m3. These new dams also provide important water resources for irrigation.

Opportunity for development
Good use of water is critical for agricultural and horticultural development since rainfall is
erratic and often insufficient for rain-fed production. Estimates of the irrigation potential in
Eritrea vary widely from 107,000 to 567,000 hectares. The lower estimate is based on earlier
consultant studies; the latter is based
on an assessment from the Ministry
of Agriculture. In the latter assess-
ment all areas that are topographically
suitable have been included, while data
have not been available to assess the
probable water availability (Bojö 1995).

Whether the lower or the higher
estimate is most realistic, it is clear
that there is great potential for expand-
ing irrigation in Eritrea. A limiting View of irrigated farms below the Lamza dam
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factor is the availability of capital. Several irrigation technologies involve significant initial
investment, too often beyond the capacity of local farmers. Thus there is a need, for the
immediate future, to focus on low-cost technologies. Such technologies will be discussed in
detail in the following chapters. A brief overview of both high- and low-investment irrigation
methods is presented below.

12.2 IRRIGATION METHODS
Furrow irrigation
Furrow irrigation does not require a great initial investment. It is widely used in Eritrea and
has been used for many years without much improvement in the technique. Water losses are
usually high with this system as compared to a drip irrigation system, for example. See
Chapter 14 for further details.

Basin irrigation
This is an irrigation practice where water is applied on a level area surrounded by earth
bunds. The shape and size of the basin influences the efficiency of the method. See Chapter 15
for further details.

Spate irrigation
Spate irrigation involves diversion of spate flows from
the highlands during the rainy season. It is widely
used in the eastern lowlands of Eritrea. See Chapter
16 for further details.

Sprinkler irrigation
This method requires a high initial investment.
Water losses may sometimes be high if the water is
applied by sprinkler during days with intense sun-
shine. Therefore, it is preferable to apply the water
at night. High water losses during application in
the field are, however, compensated by the fact that
the water flows to the field through pipes, thus with

Mr Woldeab proudly showing his lettuce grown
at Lamza

A woman drawing water from a shallow well and pouring it
into a canal for irrigation at Maereba, Debub Zone
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minimal losses. Overall about 75% of the water will become available to the crop in sprinkler
irrigation as compared to a common figure of 40%�50% in furrow and basin irrigation. The
high initial cost involved in using this type of system is, however, beyond the means of most
farmers in Eritrea and therefore it is not described in detail in this publication.

Drip irrigation
This method is very economical in terms of low water losses and good use of nutrients. Water
can be fed to individual plants through pipes with outlets through which both water and
nutrients can be supplied to the plants in regulated quantities. The establishment and main-
tenance costs of the system are, however, fairly high and beyond the reach of the majority of
farmers. For this reason details are not elaborated in this publication.

12.3 THE RELATIONSHIP BETWEEN PLANTS, SOIL AND
WATER

Soil characteristics
Soil stores water which is used by plants, and it also provides a growing medium for the roots.
Water is a carrier of nutrients from the soil to the different parts of a plant. Sufficient water
and nutrients are required for good plant growth. Thus, when rainfall is inadequate or un-
evenly distributed, plant growth will be promoted if additional water is applied to the soil
through irrigation.

The physical characteristics of a soil affect the uptake, movement, retention and availabil-
ity of water for the plants growing in it. The stage and characteristics of plant growth, espe-
cially the root system, also affect the amount of water that can be stored in the soil, the
optimal irrigation interval and the amount of water needed over a given time. Hence, it is
important to understand the physical properties of soils that affect plants and, thus, the
resulting efficiency of irrigation. The main ones are the following:

• Soil composition
• Soil profile
• Soil texture, and
• Soil structure.

Soil composition
Soil is made up of:

• Mineral particles originating from rocks
• Organic matter derived from decomposed leaves and other plant material, animal re-

mains, etc.

There are also living organisms in the ground such as plant roots, worms, insects, etc.
These all help to aerate the soil, which enhances plant growth, and their presence also facili-
tates the movement of water in the ground. The spaces between the particles (pores) are filled
with either water or air or both.

Soil profile
When a pit is dug in the ground, we can observe that the soil has layers with different colours.
A vertical cross-section of the ground is called a soil profile, and the layers are called soil
horizons. There are often three distinct horizons, known as A, B and C horizons. The A and B
horizons can be further divided into sub-horizons.

The A horizon
This is a zone of high biological activity. This layer is often 20�30 cm deep. In cultivated land
it is sometimes called the plough layer since it is the layer affected by ploughing. It contains
many roots and should be rich in organic matter for the land to be productive. Normally it has
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a dark brown to black colour. Nutrients are leached from this horizon to the horizons beneath.

The B horizon
This is located below the A horizon. It has less organic matter and less biological activity than
the A horizon. In cultivated lands it is sometimes called �the deep plough layer�. The depth of
this layer varies considerably from place to place. It is only reached by deep-rooted plants and
thus contains less organic matter and living roots. Its colour is lighter, often grey. In water-
logged areas the grey soil is sometimes mottled with yellowish or reddish patches. The nutri-
ents leached from the A horizon accumulate in the B horizon.

The C horizon
The C horizon is located below the B horizon and is made up of material that has not yet been
much affected by biological processes. Generally there is little biological activity in this hori-
zon. Only a few roots penetrate this layer. The material is called �the parent material�, imply-
ing that its characteristics mainly depend on the rock that it is derived from. It is important
from the agricultural point of view since the parent material can be either poor or rich in
nutrients. The texture and other factors also vary. All these factors have an impact on the
other layers as well as on drainage.

It is essential for an irrigation farmer to have a basic idea of the nature of the soil profile on
his land. At least the plough and deep plough layers must be studied in order to decide how
much irrigation water to apply. An example of a simple soil profile is presented in Figure 12.1.

Soil texture
Soil texture refers to the size of the mineral particles that constitute it. Depending on particle
size, soils are broadly classified into gravel, sand, silt and clay (see Table 3.1).

Most soils are, however, a mixture of different kinds of particle in different proportions.
Soil texture is determined by the respective proportions of sand, silt and clay in the soil:

• A sandy soil or coarse-textured soil is a soil with sand as the dominant particle
• A loamy soil or medium-textured soil is a soil with silt as the dominant particle
• A clayey soil or fine-textured soil is a soil with clay as the dominant particle.

A horizon

B horizon

C horizon

Bedrock Figure 12.1 A typical soil
profile
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Farmers normally use the terms �light soil�, �medium soil� and �heavy soil� for sandy, loamy
and clayey soils, respectively.

Soil texture can be determined accurately in a laboratory. When the content of a soil is
analysed, its texture can be described accurately using the texture triangle presented in Ap-
pendix 2. Soil texture can also be determined by rubbing the soil between the fingers, follow-
ing the procedure presented in Appendix 3.

Generally, the characteristics of these three main types of soil are as follows:
• Coarse-textured soil is gritty and the particles are loose and fall apart in the hand even

when the soil is moist
• Medium-textured soil feels very soft when dry; it can easily be kneaded when wet and

then feels silky
• Fine-textured soil sticks to the fingers when wet and can form a ball when kneaded.

Soil structure
Soil structure describes how the individual soil particles are grouped and joined together. The
different mineral particles like the sand, silt and clay and the organic matter form porous
compounds called aggregates. Soil structure thus refers to the formation of these aggregates.
A soil rich in organic matter consists of large aggregates and can hold water well. If the
organic matter is depleted, the aggregates break down leaving a soil consisting mainly of
mineral particles. Such a soil does not retain water well. This process will occur when soils
are continuously cultivated with little return of organic matter, e.g. in the form of crop residues,
compost or manure. The basic classes of soil structure are granular, blocky, prismatic and
platy (see Figure 12.2).

Some of the important characteristics of these different types of soil structure are:
• Granular-structured soils have large aggregates and allow easy movement of water.

Plants develop very well on them.
• Blocky-structured soils allow moderate movement of water and air.
• In prismatic-structured soils, the dominant direction of water movement is vertically

downward. Root growth in such soils is poor.
• Platy-structured soils consist of flat plate-like structures stacked on top of each other.

Platy soils are poorly aerated, they block the entrance of water and they are not good for
plant growth.

As mentioned above, soil structure is not a permanent property of a soil. The physical
characteristics of a soil at any one time can be modified by ploughing, harrowing and addition
or depletion of organic matter.

Water infiltration
Infiltration is the process of entry of water into the soil. The rate of entry is called the infiltra-
tion rate. The infiltration rate of a sandy soil is faster than that of silt, which is also faster
than that of clay. Infiltration rate is determined by measuring how long it takes for a certain
depth of water to penetrate into the soil.

Figure 12.2 The major soil structure types

Granular Blocky Prismatic Platy
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20 mm

Soil

After 45 minutes

Water

In the irrigation context the infiltration rate is an important physical characteristic of a
soil since the length of an irrigation furrow, size of basins, rate of flow, etc., are determined
based on the infiltration rate of the soil.

Example
Fill a glass with soil and compact the soil slightly with a flat object of the same diameter as the
inside of the glass to get even pressure. Pour in water to a depth of 20 mm, as shown in Figure
12.3. If it takes 45 minutes for all the water to seep into the soil, then the infiltration rate of this
particular soil is 20 mm/45 minutes, or 27 mm/hr.

The infiltration rate for different soils is classified into three categories:
• Low infiltration rate: Less than 15 mm/hour
• Medium infiltration rate: 15�50 mm/hour
• High infiltration rate: More than 50 mm/hour.

Infiltration rate is influenced by the following factors:
• Soil texture: Infiltration rate is higher in coarse-textured material like sand than in

fine-textured material like clay.
• Soil moisture content: When irrigation water is applied to a dry soil, the water infil-

trates fast, but as the soil becomes wet the infiltration rate decreases. In very dry soils,
especially clay, however, the infiltration rate may initially be slow, but becomes faster
when the soil has become somewhat moist and soft.

• Soil structure: The infiltration rate in granular soils is faster than in platy soils.

The infiltration rate of a particular soil can be improved by ploughing, harrowing, adding
organic matter and by other farming practices. (See Appendix 12 for typical infiltration-rate
values for different soil textures.)

Soil moisture content
The amount of water held in a soil is expressed in millimetres of water depth present in one
metre�s depth of soil (mm/m).

Figure 12.3 Demonstration
of infiltration rate

Opening up an inlet for water to soften the
soil for easy land preparation, Halhale,
Debub Zone
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1 m
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1 m

1 m

1 m3 moist soil

1 m3 dry soil

0.15 m water �
�

Figure 12.4 Measurement of soil
moisture content

Example
A 1-m3 cube (1 m x 1 m x 1 m) of moist, but not saturated, soil is shown below. The pores between
the soil particles are filled with water and air.

In order to determine soil moisture content, a known quantity of soil is dried and the amount of
water that evaporates from it is measured. If, theoretically, we assume that we can divide a cubic
metre of moist soil into, first, dry soil (soil particles and pores filled with air) and, second, water, the
result will be as shown in Figure 12.4.

Then the soil moisture content of this soil is 150 mm per m. The moisture content can also be
expressed as a percentage of volume:

If we assume that water is added to the soil until it becomes saturated (i.e. holding as much
water as possible), then all the pores that were filled with air will now be filled with water instead.
At that point, the cube will consist of only soil particles and water. If �separated� from the soil, the
depth of water might be 250 mm, and thus the soil moisture content will be 25%.

Saturation
When enough water is applied to a soil, the soil pores will be filled completely with water and
no air will be present. Then the soil is said to be saturated. If a saturated soil is squeezed in
the hand, water will run out between the fingers. Most common plants cannot withstand
saturation for a period of more than 2�5 days. This is because at saturation there is no air in
the soil pores and plants die of suffocation.

Under normal conditions soils do not remain saturated for long periods. Water in the
larger pores moves downwards and drains towards the groundwater or to streams and lakes.
This water is called gravity water. In sandy soil, water drains out after few hours, but in clay
soil drainage takes a number of days. Sometimes artificial drainage is needed in cultivation to
avoid waterlogging and extended periods of saturation.

Field capacity
After some time with rain or under irrigation, the soil reaches saturation. Gravity water
drains out. When all gravity water is drained out, a certain amount of water is retained in the
soil�s smaller pores. At this stage the soil is said to be at field capacity. An irrigator should
always attempt to apply only enough water to bring the soil to field capacity. More than this
will be lost by drainage.

= 15%     1 m x 1 m x 0.15 m  x  100%
Volume of soil 1 m x 1 m x 1 m

=
Volume of water
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Permanent wilting point
Water in the soil can either drain away, be used by plants, or evaporate. In all cases the soil
dries out. As the soil gets drier and drier it becomes difficult for plants to extract water from
the soil. The plants start to wilt, and if no water is added they change colour from green to
yellow and finally die. When plants start to wilt, the soil water content has reached the
permanent wilting point. Plants should be irrigated before they show signs of wilting.

Available water content
The amount of water at field capacity that can be used by plants is known as the available
water content. Thus, this amount of water is equal to the water content at field capacity
minus water content at the permanent wilting point. Irrigation water should preferably be
applied just before the available water is fully exhausted, i.e. just before the wilting point is
reached. The amount of available water varies from one type of soil to another. Table 12.1
gives a range of values for the main kinds of soil.

Table 12.1 Available water content for different soil types

Available water content
Soil type (mm/m depth of soil)
Fine sand 20�40
Sandy loam 40�110
Silt loam 60�130
Clay loam 100�180
Clay 160�300

Source: FAO 1974.

Refer to Appendix 12 for soil-water retention curves.

Salinity
Salinity is one of the main problems in irrigation. If care is not taken, fertile areas may have
to be permanently abandoned because of salinity.

The main sources of salts causing soils to become saline are:
• The natural soil of the area may already contain salts
• Groundwater with a high salt content
• The irrigation water
• Sea water is a source of salts in soils near the coast.

Soil�
particles

Air

WiltingWilting Healthy

Water

Figure 12.5 A plant in soils with different degrees of moisture content
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When irrigation water is applied to a soil, the plants use some of it and the rest either
evaporates or percolates deep into the soil and eventually recharges the groundwater aquifers.
Normally irrigation water contains some salts, but the concentration and kind of salts vary
considerably. Plants use only pure water, and only pure water evaporates. The salts remain
in the soil. After some time under irrigation salts may accumulate on the surface, recognized
as a white layer on the surface of the soil.

Salty groundwater, if it is shallow, may contribute to salinity. When the water-table rises,
or by capillary movement, the groundwater may reach the root zone. This phenomenon is
common in most of the areas near the Red Sea, and there are also such places along the Barka
River and in the Anseba River basin.

Water salinity is the amount of salts in the water, expressed in grams per litre of water (g/
l), in milligrams per litre (mg/l), or parts per million (ppm). Salinity of soil and water can also
be expressed in terms of electrical conductivity (see Appendix 10).

Crops and soil salinity
Salts in a soil reduce the uptake of water by plants. So plants can wilt and die in salty soils
even though there is no shortage of water in the soil. Some of the salts are also toxic to plants.
Most commercial crops do not grow well in saline soils. There are, however, crops that have
high tolerance for salinity (see Table 12.2).

Table 12.2 Crop tolerance to salt concentration

Highly tolerant: withstand Moderately tolerant: Sensitive:
up to 10 g/l up to 5 g/l less than 2.5 g/l

Date palm Wheat Maize Peas Peach
Barley Oats Potatoes Beans Sugar cane
Cotton Rice Onion Pear
Asparagus Carrot Olive Apple
Spinach Cucumber Alfalfa Orange

Fig Plum
Grape Almond
Tomato Apricot

Source: FAO and IILRI 1985.

Soils can be classified according to their salt content, as show in Table 12.3.

Table 12.3 Simple soil classification according to salinity

Salt concentration of saturation extract (g/l) Salinity
0�3 Non-saline
3�6 Slightly saline

6�12 Medium saline
More than 12 Highly saline

Source: FAO and IILRI 1985.

Remedies for salinity
Salt concentration in the soil can be reduced by one of the following methods:

• Leaching: Water is applied generously so that it will dissolve some of the salts and
percolate below the root zone. The water must be applied for a period long enough for the
salts to dissolve. The soil to be leached should first be kept very moist for one or two days,
and then water is flooded to wash out the dissolved salts from the soil.

• Surface drainage: Basins are first constructed and filled with water. The salts in the soil
will dissolve in the standing water. The water can then be disposed of to a safe place.

A farmer engaged in irrigation must be aware of the problem of salinity. Salinity problems
can be managed by farmers with the advice of an expert (see also Appendix 10).

Even though problems of salinity can usually be solved, doing so may be very costly. It is,
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therefore, essential to prevent salinity from occurring in the first place. Good water manage-
ment is essential for the prevention of such problems.

If water with a high salt concentration is to be used for irrigation, it must be accompanied
by adequate drainage programmes. Salt accumulated in the soil must be removed at any cost
before it reaches a dangerous level. Table 12.4 gives an indication of the risk associated with
use of irrigation water with different levels of salt concentration. Refer also to Appendix 10.

Table 12.4 Suitability of irrigation water with different salt concentrations

Salt concentration in Soil salinization risk Suitability for use
irrigation water (g/l)

Less than 0.5 g/l No risk Suitable for use
0.5�2 g/l Slight to moderate risk Good water management is needed
More than 2 g/l High risk Not suitable, but can be used with

consultation of a specialist

12.4 THE EFFICIENCY OF AN IRRIGATION SYSTEM
There will always be water losses in an irrigation system. The proportion of water lost de-
pends on several factors, for example on soils, the types of canal or pipes used for water
distribution, type of irrigation, technical and managerial facilities for water control, size of
the irrigation scheme, farm layout, land levelling, irrigation practices and climate. The effi-
ciency of an irrigation system (the efficiency factor) is normally expressed as the ratio between
the amount of water that is made directly available to the crop and the amount of water
released at the headworks. The efficiency factor is often subdivided into two parts:

• Conveyance efficiency (Ec): The ratio between the amount of water received in the field
and the amount released at the canal or pipe inlet

• Field application efficiency (Ef): The ratio between the amount of water directly avail-
able to the crop and the amount received at the field inlet.

There are many other factors that need to be considered when calculating the overall
efficiency of an entire irrigation project. But for small projects, an overall efficiency factor (Ep)
can be calculated from the formula Ep= Ec x Ef.

As can be expected, distribution efficiency is particularly sensitive to the quality of the
technical operation of the system, as well as the efficiency of the managerial organization for
meeting the requirements of the system. Water losses can be high during field application.
Low application efficiencies (Ea) occur when the rate of water applied exceeds the infiltration
rate and the excess water is lost by runoff. Losses also occur when the depth of water applied
exceeds the storage capacity of the plant root zone and the excess water is lost by deep drain-
age.

With surface irrigation, a good field layout and good land levelling are important. Uneven
distribution of water causes drainage losses in one part and possible under-irrigation in an-
other part of the field, resulting in very low efficiency. In such situations the quality of the
crop will vary greatly from one end of the field to the other. The application efficiency may
vary during the growing season, with the highest efficiencies occurring during peak water-
use periods. While planning an irrigation scheme, efficiency values are estimated on the basis
of experience. If the estimate is too high, water deficiencies will occur. Selective irrigation and
improvement in operational and technical control are the possible solutions to such problems,
which, unfortunately, are quite common.

Typical irrigation efficiency values are given in Table 12.5.
Table 12.5 Irrigation efficiency values

Conveyance efficiency
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Continuous supply with no substantial flow changes 0.50�0.75
Field application efficiency
Surface irrigation; basin 0.50�0.65
Surface irrigation; furrow 0.50�0.65
Sprinkler irrigation 0.80�0.90
Trickle irrigation 0.90�0.95

In a well-designed and well-managed furrow irrigation system, for example, the efficiency
factor (Ep) may be around 0.70 x 0.60 = 0.42. In other words, 42% of the water flowing through
the headworks will become available to the crops.

12.5 LAND PREPARATION
Good land preparation is important for an efficient irrigation system. Land preparation for
irrigation involves making the land surface level, or bringing it to a uniform slope. This is
accomplished by removing material from high ground and filling the low spots in the field.

Proper land levelling is important. Even a small difference in land level generates the
following problems:

• Unven water distribution
• Increased soil erosion
• Waterlogging in some parts of the land.

Methods of land levelling
On large farms, land levelling or grading is a complex undertaking and requires the services
of a qualified engineer and soil scientist.

On small-scale farms, land levelling can be done by hand or using simple equipment. The
irrigable area is divided into smaller plots and each plot is levelled separately. This is done to
avoid large fills and cuts. The soil on high spots should first be loosened by ploughing, then the
soil can easily be moved to the lower spots using a local scoop. Best results are achieved when
the soil is somewhat moist.

Factors to be considered in land preparation
The important factors to be considered in land levelling are:

• Soil
• Topography
• Irrigation system
• Farm equipment.

Soil
During land levelling care should be taken not to remove the fertile topsoil completely and so
expose the dense, compact soil layer or gravel beneath it. A soil layer can be cut to a limited
depth. When the soil is very shallow, it is possible to remove all the shallow topsoil completely,
grade the sub-soil and then replace the topsoil (Figure 12.6). Proper implements are required
to do this since the operation may be very labour intensive.

After the land has been prepared the first time, the levelling must still be checked occa-
sionally because of uneven settlement of the soil.

When the land is very irregular and the cost of levelling would, therefore, be high, the use
of sprinkler or trickle irrigation should be considered.

Topography
The amount of soil that must be moved in order to level land for irrigation is determined by
the topography and the proposed plot size. A large volume of soil will have to be moved when
the topography is very uneven. Similarly, when the plot is large and on sloping ground move-
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ment of large volumes of soil will be required. In any case, for the operation to be relatively
economical, the volume of cut must be equal to the volume of fill.

The effect of topography and plot size on the volumes of soil to be moved when levelling land
is shown in Figures 12.7 and 12.8.

Levelled �
surface

Original �
surface

(a) Rough topography: Large volume of cut and fill

(b) Smooth topography: Small volume of cut and fill

Original �
surface

Levelled �
surface

�

Cut
Cut

CutCut
Fill FillFill

FillFill

Small cut
Small fill

Large cut
Large fill

(a) Large plot: Large movement of earth

(b) Small plot: Small earth movement  

Figure 12.7 The effect of topography on volume of earth to be moved

Figure 12.8 The effect of plot size on volume of earth to be moved

Levelled�
surface

Fertile�
topsoil

Original land �
surface

Exposed sub-soil with�
poor fertility

Figure 12.6 The effect of land levelling on soil
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Irrigation system
The degree of slope to which the land should be levelled depends on the irrigation method to be
used. If it is basin irrigation, the land must be level, but for furrow irrigation the land may
slope up to about 5%, the maximum slope in the latter case depending on the soil type. For
sprinkler or drip irrigation, only minor land levelling such as filling ditches and removing
high spots is required.

However, in small-scale farming, farmers normally use basin and furrow irrigation inter-
changeably. In such instances, preparation to level the ground is recommended, and particu-
larly so if the area to be irrigated is relatively small (1�2 ha), or if different crops are to be
planted at the same time. To reduce the amount of soil that must be moved, the area should
be subdivided into smaller units each of which is levelled to a different height according to the
topography and irrigation method to be applied.

Farm equipment
There are many types of specialized equipment that can be used for efficient and accurate land
levelling. Some of these are bulldozers, graders, levellers and scrapers. But these are usually
out of reach for small-scale farmers.

However, the type of farm equipment available affects the size of plot to be prepared.
Farmers who use animal power or manual labour tend to use very small basins and short
furrows, thus they only need to divide their farms into small plots and do very little prepara-
tion. By using an ox-drawn wooden or steel scoop and a plough, a small-scale farmer can
achieve good land levelling even on a fairly large area (0.25�1 ha).

To achieve a good land surface, land preparation must be repeated every season for a
number of seasons. Perennial crops should not be planted on newly prepared land until settle-
ment is complete.

A crop of good-quality leafy vegetables
(Swiss chard) produced under irrigation
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Grassed canal at Tera-emni, Debub Zone

Chapter 13

Open canals and canal networks

13.1 INTRODUCTION
Canals are important irrigation structures. The most common and simple method of convey-
ing water in an irrigation system is by open canals or channels. Open canals are also the most
widely used means of transporting irrigation water in Eritrea. Water in open canals flows by
gravity.

In small-scale irrigation, the capacity and size of canals are mostly determined by trial
and error. In most cases canals are not properly constructed or aligned. There are farmers
who construct canals by simply ploughing the watercourse two or three times without
compaction. As a result, seepage losses, breakage and erosion are common problems, and thus
the maintenance requirement is very high.

A canal should be constructed to carry a predetermined volume of flow safely without
seepage and erosion, and it should be easy to maintain. Careful design and construction will
minimize losses of the irrigation water and reduce labour requirements. The basic concepts
involved in designing and constructing open canals are discussed in this chapter. Problems
that frequently occur are highlighted and suitable prevention measures or remedies are given.

13.2 TYPES OF CANAL
Canals can be classified into two types:

• Unlined canals
• Lined canals.

Unlined canals
Unlined canals are the most common type of canal. They are suitable in soil with a low
infiltration rate and on flat or gently sloping land. Water
velocity in unlined canals should be limited to between
0.3 and about 1 m/s. The maximum permissible veloc-
ity depends on the soil used in the canal�s construction.
Clay resists erosion better than sand, for example. At
the same time the water velocity should not be too low.
Too low a velocity will result in sedimentation in the
canal with a risk of failure through overflowing water
if the canal becomes too shallow. When the ground slope
is too steep and the velocity is likely to become too high
in relation to the type of soil, the canal must be pro-
vided with drop structures to reduce its slope.

Seepage and leakage are usually serious problems
in unlined canals. Aquatic plants that grow on the ca-
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nal banks aggravate these problems, and they also provide good breeding places for mosqui-
toes. Therefore, unlined canals need regular cleaning. A typical unlined canal is shown in
Figure 13.1.

Lined canals
Canals are lined for many reasons. In permeable soil seepage losses are very high. Because of
the favourable moisture conditions cre-
ated in and adjacent to the canals, weed
infestation becomes serious and regular
weed clearing is necessary. Seepage wa-
ter can also result in waterlogging on
cropland near the canal. If canals are
lined, seepage losses and maintenance
costs will be reduced. Another advantage
of lined canals is that they can be con-
structed on sloping land without any
danger of erosion.

There are many ways of lining ca-
nals. Concrete and brick lining is the
most common in Eritrea because these
materials are durable. Impermeable geo-membranes like plastic or plastic-coated geo-textiles
are also used for lining. They are usually placed below the surface of the canal bed and sides,
thus effectively reducing seepage losses, but they do not reduce maintenance requirements
since weeds can grow on such canals. A typical lined canal is shown in Figure 13.2.

13.3 CANAL NETWORKS

Canal layout and alignment
It is essential to prepare a detailed irrigation and canal-layout plan before laying out the canal
network in the field. Construction should only start after proper layout and alignment design
have been prepared. A canal-layout plan is a map showing the layout of a canal system. The
plan shows the location of different canals, canal off-takes, and also the area to be irrigated by
each canal.

For larger areas (more than 2�3 hectares), the irrigable area must be surveyed and a
topographic map prepared. The design of the canal layout is made on this map. The location of

Figure 13.1 Cross-section of an unlined canal

Moisture here may �
indicate seepage

Figure 13.2 Cross-section of a lined canal

The irrigation crew
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Main canal
DamDam

Spillway

Figure 13.3 Example of a simple canal layout

existing or planned houses, wells, roads and other important structures must be considered
when the canal network is planned. A typical canal layout is shown in Figure 13.3.

In designing a canal network, the irrigable area should be divided into units of manageable
size for cultivation purposes. The canals are then designed in such way that each unit re-
ceives its share of water at its highest point.

The canal network design starts from the source (well, river or existing canal) and contin-
ues down to the last field. To the greatest extent possible, the canals should follow the highest
parts of the land, so that water can reach as large an area as possible by gravity. The smallest
canals in the system serve a single field.

In the absence of a map, and especially for small areas (less than 3 ha), canals can be laid
out using personal judgement, or simple surveying techniques can be used to locate high and
low spots. (See Chapter 17 for details on surveying.) For very small areas, where the farmer

Close-up of the lined canal at Lamza dam

Lined main canal at Lamza dam
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does not have the capacity or cannot afford to prepare topographic maps, canals can be laid out
by trial and error. In this case the canals are not expensive to construct and their alignment
can easily be corrected and re-corrected until the system functions well.

Canal terminology
On small farms there may only be one or two small canals supplying water to the farm.
Usually one person can easily operate the canals and there is no need to give identifying
names to the different canals making up the system. On larger schemes, however, the irriga-
tion system is usually made up of many canals, and different names are given to them accord-
ing to the specific functions performed by them. The naming of canals differs from one country
to another. The system frequently used in Eritrea is given in Figure 13.4.

13.4 CANAL DESIGN
When designing a canal, first you need to know or determine how much water the canal
should be able to carry. Once that is determined, the dimension of the canal can be decided.
Details on canal capacity, actual discharge and canal dimension are presented below.

Canal capacity
The maximum amount of water a canal can carry safely without overflowing or breaching the
wall is termed canal capacity. The required capacity of the canal depends both on the amount
of water available at the source and on the amount of water needed for the purpose the canal
is to serve.

Canal capacity is expressed as the volume of water that can be transported safely per
second, minute or hour. The capacity of a given canal is, of course, fixed, whereas the dis-
charge (the actual amount of water flowing in the canal at a particular moment) varies over
time. In symbols, flow (capacity as well as actual discharge) is expressed as Q.

Main �
canal

Secondary�
canal

Tertiary or �
distributory �

canal

River

Diversion

Field �
canals

Figure 13.4 Terminology used for canals in an irrigation system
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Examples
Q = 25 litres per second (25 l/s)
Q = 0.025 cubic metres per second (0.025 m3/s)
Q = 7 cubic metres per hour (7 m3/h)
Q = 1,700 cubic metres per hour (1,700 m3/h)

The amount of water required to irrigate a certain area is not constant throughout the
irrigation season. The water demand depends on the type of crop and its stage of growth, and
prevailing climatic factors like rainfall and temperature.

At the beginning of the irrigation period a large amount of water is usually required to
fully moisten the field for land preparation. During the initial growth period of the crop its
water demand is very low because the plants� roots are not well developed. As the crop grows,
the water requirement increases. When the crop reaches maturity and is ready for harvesting
the water demand again decreases drastically.

Canals should be designed to meet the maximum demand. Increases or decreases in water
demand during the various crop-growth stages do not mean that the canal�s capacity must be
adjusted periodically. Instead the changing water demand is met by adjusting gate openings,
or by making the irrigation interval shorter or longer, or by a combination of these methods.

The canal capacity required to irrigate a certain area can be calculated accurately when
climatic data, crop data and information on soil type are available. For larger irrigation schemes
where there are many canals, canal capacity must be properly calculated. This is because
once the canals are constructed it is very difficult and costly to manipulate them. Details on
the methods of making such calculations are beyond the scope of this manual, and if they are
required assistance from a qualified engineer is recommended.

When irrigating a small area (less than 3 ha), which is normal for the majority of small-
scale farmers in Eritrea, it is not necessary to go through the complicated process of designing
canals and calculating their capacities. In this case, a canal is constructed using personal
judgement and, based on how it performs during the first irrigation, modifications are made
for the second irrigation and the process continued until the right capacity is arrived at for the
different canals.

Estimation of canal discharge (flow)
For good water management, the estimated discharge to be obtained from the proposed canals
must be accurately determined. In irrigation schemes where several farmers are involved,
disputes can be avoided and equitable distribution of the irrigation water achieved if the
planned discharge is calculated and discussed in advance. One of the characteristics of poor
irrigation management is that discharge in some canals is too high, while in other canals it is
too low. This often results in disputes between farmers who get sufficient water to their fields
and those who do not get enough.

Canal discharge can be accurately determined by installing discharge-measuring struc-
tures, which are not described in this manual. On small-scale farms, however, a floating
method can be used to estimate canal discharge. The method is simple and is about 90%
accurate.

The floating method uses the following formulae:
Va = 0.75 x Vs

Q = Va x A
Where
Q = Discharge in m3/s
Va = Average flow velocity in m/s
Vs = Surface velocity in m/s
A = Wetted cross-section of the canal in m2
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0.75 is a reduction factor normally applied for irrigation canals.

Surface velocity, Vs, is obtained by measuring the time a floating object takes to travel
from one point to another in the canal. This floating object can be a ball, stick, bottle, etc. The
part of the canal where the measurement is to be taken should be clean of weeds, straight and
uniform in cross-section so that the floating object can travel down the centre of the canal.

The wetted cross-sectional area, A, of a canal is obtained using the following formulae.

For rectangular canals:
A = b x h

For trapezoidal and triangular canals:

                       x h (b1 for triangular canals = 0)

For a semi-circular canal:
   π x d2

      8

Example of calculation of canal discharge
A clean, straight and uniform portion of a canal was selected. The canal is trapezoidal in shape. A
25-m stretch of the canal was clearly marked.

All necessary measurements were repeated five times. A piece of wood was used as the
floating object to measure the surface velocity, Vs. The time, t, taken for the piece of wood to travel
from point A to point B was recorded in seconds. The process was repeated five times. The results
were:

 t1 = 63 s; t2 = 64 s; t3 = 63 s; t4 = 62 s; t5 = 62 s
 t average = (63 + 64 + 63 + 62 + 62) ÷ 5 = 63 s.

The dimensions required to calculate the cross-sectional wetted area, A, were measured at five
different locations on the selected length of canal (see Figure 13.6) and the results were as
follows:

Average
Bottom width a1 (m) 0.43 0.43 0.41 0.42 0.45 0.43
Upper width b1 (m) 1.20 1.28 1.29 1.18 1.25 1.24
Depth of water h (m) 0.38 0.35 0.35 0.36 0.34 0.36

h

b

b2

b1

h

d

Note that h is water depth and not canal
depth!

Figure 13.5 Calculation of wetted cross-section area for different shapes of canal

(b1 + b2)
2

A =

A  =
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Surface velocity: Vs = distance in metres ÷ average time in seconds = 25 m ÷ 63 s = 0.40 m/s
Average flow velocity: Va = Vs x 0.75 = 0.40 x 0.75 = 0.30 m/s
Wetted cross-sectional area: A = (a + b) ÷ 2 x h = (0.43 + 1.24 ) ÷ 2 x 0.36 = 0.30 m2

Discharge Q = Va x A = 0.30 x 0.30 = 0.09 = 90 l/s (1 m3 = 1,000 litres)

Thus the discharge of the canal is calculated to be 90 litres per second. Considering that the
method only gives an approximate value with a 10% error, the conclusion is that the discharge
was in the range 80�100 litres per second.

Canal slope (gradient)
The slope is an important feature of a canal because it influences its capacity and durability.
The capacity of a canal is proportional to its longitudinal slope. Canal slope is generally ex-
pressed as a percentage gradient.

Example
If a canal bottom drops by 0.85 m in 1,000 m of the canal�s length, then its slope is
0.85/1,000 = 0.00085, or in percent, 0.85/1,000 x 100 = 0.085%.

If the slope of a canal is made steeper, then the capacity of the canal will be greater.
However, with increasing canal slope, canal erosion will also be more severe. Therefore, the
canal slope is generally kept between 0.05% and 0.15% (a drop of between 1 m per 2,000 m and
1 m per 666 m). Limits for velocity and recommendations on side slopes of canals are pre-
sented in Table 13.1.

Table 13.1 Flow velocity and side slope limits

Construction material Limits of Limits of flow
side slope (V:H) velocity (m/s)

Sand 1:3 0.4
Sandy 1:2 0.6
Clay loam 1:1.5 0.8

b2

b1

hh

25 m

A

B

Figure 13.6 Calculation of canal discharge
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Clay 1:1 1.2
Bricks 1.5:1 or vertical 1.5
Concrete* 1.5:1 or vertical 2.0

* With well-constructed concrete a higher velocity can be used.

Canal dimensions
Normally the canal dimension is calculated by determining the wetted cross-sectional area,
the bed roughness and the longitudinal slope. There are different formulae for determining
canal dimensions for a given flow. The use of Manning�s formula is described in Appendix 11.
These calculations are complicated, however, and for small-scale irrigation it is sufficient to
use the approximate values given in Table 13.2.

Table 13.2 Canal dimensions for different flow rates (approximate values, cm)

Flow Trapezoidal canals Rectangular canals
(l/s) Longitudinal slope 0.05%�0.15%

Longitudinal slope 0.05%�0.15%

Unlined canals Lined canals Only lined canals
Side slope between Side slope between Side slope between

1:2 and 1:1 1.5:1 and vertical 1.5:1 and vertical
Bed width1 Water depth Bed width Water depth Bed width Water depth

25 20�252 15�25 15�20 20�25 20�25 25�30
50 20�30 20�30 25�30 20�25 30�35 30�35
75 25�35 25�35 25�35 25�30 35�45 35�40
100 30�35 25�40 30�35 30�35 40�45 35�45
125 30�40 30�45 30�35 30�40 45�50 40�50
150 30�45 30�45 35�40 35�40 45�50 45�55
175 35�45 35�50 35�40 35�45 50�55 45�60
200 35�50 35�55 40�45 35�45 50�60 50�60
Source: FAO and IILRI 1993.
Notes:
1. Bed width is the horizontal width of the bottom of the canal.
2. The lower values in each case apply to canals that are clean, well maintained and with a steep slope

(0.15%).

13.5 CANAL CONSTRUCTION
Canal construction can start once the canal layout and design have been properly prepared.

Procedure for canal construction
Canals are constructed by cutting deep into the ground or on a raised fill. Lined and unlined
earthen canals are constructed as follows:

• Following the prepared canal layout, the position of the canal is marked out on the
ground with stakes and the desired level is indicated on the stakes, as shown in Figure
13.7a.

• Then the area to be cleared for the canal is demarcated on the ground (Figure 13.7b).
• The entire area where the canal is to be dug must be completely cleared of trees, shrubs,

grass and other vegetation, including the roots (Figure 13.7c).
• The topsoil is removed to a depth of 10�15 cm.
• If the canal is being dug on a cut section, it is a simple matter to dig and shape it (Figure

13.8). The extra soil is used either to construct other sections of the canal or simply
spread over adjacent areas.
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Figure 13.8 Construction of a canal on a cut section

Dig canal to shape. Use dug-out soil to construct the upper part of the canal

Wooden stakes

Original�
ground level Canal �

bed level

CutCut CutCutFillFill FillFill

Area to be cleared

10Ð15 cm10–15 cm

(a) Staking (lengthwise profile)

(b) Area to be cleared demarcated on the ground (cross-section) 

(c) Topsoil removed to a depth of 10–15 cm. Canal area completely cleared of any vegetation and �
all roots dug out (cross-section)

Canal embankment level

Figure 13.7 Staking and land clearing for a canal

• If the canal is being dug on a fill area, then first prepare a well-compacted raised bed
where the canal is to be constructed (Figure 13.9a). Moisten the soil to ensure that it can
be well compacted. Then dig the canal in the bed and use the dug out soil either to
reinforce the canal embankment or to fill in borrow-pits (Figure 13.9b).

• With larger canals the procedure described above may prove too expensive. In such
cases, each embankment is constructed separately, as shown in Figure 13.10.

After construction, the canal can either remain unlined or be lined as described below.

13.6 CANAL LINING
Canals are lined for the following reasons:

• Water conservation: Depending on the type of soil, sometimes it may be difficult to
construct canals that do not leak, or too difficult or costly to avoid growth of weeds that
consume a lot of water. Seepage alone can easily lead to a loss of 10�15% of the flow in a
canal. In areas where water is costly, for example if is pumped, or when it is scarce,
great savings in cost and consumption can be achieved by lining canals.

• Avoidance of waterlogging due to excessive seepage: Even though water may be freely
available, seepage can cause a large area of land to be waterlogged. This can cause plants
to die, create a conducive environment for mosquito breeding, and even disrupt transpor-
tation. In such cases lining may be the only solution.

• Reduction of maintenance costs: Lined canals are not completely maintenance-free.
However, when canals are properly lined with concrete or brick, the need for mainte-
nance is significantly reduced.

Types of canal lining
There are many types of canal lining. Some of the most common are:

• Concrete linings
• Cement block, brick or stone masonry linings
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• Compacted clay linings
• Impermeable geo-membrane linings.

Concrete lining is very durable. Even with minimum maintenance it lasts for many years
and therefore is widely used. Cement block, brick or stone masonry linings are very durable
too but require more labour than the other methods. Clay lining reduces seepage signifi-
cantly, but requires much maintenance as it does not prevent the growth of weeds. Geo-
membrane lining is becoming very popular, but great care is required not to tear or punch
holes in the membranes during construction.

Construction of linings
Before the liner is put in place, the canal is constructed in earth, as described in Section 13.5.
The most common methods used for construction of lining are described below.

Concrete lining
Concrete and mortar lining can be constructed by one of the following methods:

• Plastering the sides and bed of the canal by hand

Dug out�
soil

Dug out�
soil

(b) A canal is dug out on the raised bed

(a) A raised bed made by compacting soil in layers 

Figure 13.9 Construction of a canal on a fill section

Natural �
ground level

(a) Construct the two canal embankments separately by compacting soil in layers

(b) Make the embankments into the proper shape and dimensions by training their sides

Figure 13.10 Construction of a larger canal
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Clay lining

Compacted clay

Ground �
surface

 (b) Make the canal into the required shape by excavating the compacted clay

(a) The entire volume of the canal is filled with compacted clay

Figure 13.11 Construction of a compacted clay lining

• Using formworks and pouring alternate panels
• Using prefabricated concrete slabs.

The foundation for concrete lining must be wetted prior to placement of the concrete. For
hand-placed concrete, the mix should be rather dry to avoid it creeping downward. It should
also be compacted very thoroughly. When alternate panels are used, the concrete is cast in
alternative sections. The finished sections are then used as forms for the sections in between.

To prevent cracking of the concrete lining, small spaces (1�3 cm), called expansion joints,
are allowed every 3 m for non-reinforced concrete and every 10�15 m for reinforced concrete.
These spaces are then filled with asphalt material or with rubber to prevent leakage.

Cement block, brick or stone masonry lining
This type of lining is the simplest to construct. The foundation for the lining is first prepared
by compacting the foundation soil, and the masonry liner is laid. First the canal bed section is
constructed using masonry. Concrete is preferred for this section of the lining. Then the side
walls are constructed. The inner side of the canal is plastered to make the surface very smooth.
The blocks or stones are joined with a 1:3�1:4 (cement: sand) mortar. Lime should not be
added to the mix.

Compacted clay lining
Clay is used as a canal lining when concrete or the other kinds of liner are not easily available.
In this method the original permeable material in which the canal was dug is covered by a
layer of clay at least 20�30 cm thick. There are two methods of applying a clay lining.

In the first method, moistened clay is spread over the surface of the canal and compacted
properly. For small canals, the compaction is done manually. In the second method, the whole
volume of the canal is filled with compacted clay. The required shape of the canal is then made
by excavation in the compacted clay. This method is illustrated in Figure 13.11.

Impermeable geo-membrane lining
After the canal is ready, a smooth and soft layer of bedding material should be prepared before
the geo-membrane can be spread on it. Stones and sharp objects like tree branches are re-
moved from the surface, which is then made smooth by light compacting. The other side of the
membrane should also be covered with soft material. Some membranes are easily damaged by
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people, animals and plant roots, or are not resistant to direct sunshine. Therefore they should
be covered with at least 10�15 cm of soil to protect them from climatic and mechanical dam-
age. A canal lined with a membrane is shown below in Figure 13.12.

13.7 PROBLEMS WITH CANALS
Canals are meant to transport water from a source to the point of application with minimum
losses. Water in canals is mainly lost due to seepage and leakage.

In unlined canals, water seeps through the embankment or the bed of the canal. There are
likely to be significant seepage losses when the canal was constructed on a highly permeable
material such as sandy soil, when the construction material used was not appropriate, or
when the canal was not properly constructed. When the fields adjacent to a canal get very
wet, or if there is standing water, this is an indication of high seepage losses.
There are, of course, also leakage losses in canals when there are openings in their embank-
ments.

Other problems with canals are a result of wrong initial design and poor management
after construction. Frequently encountered causes of excessive water loss include:

• Over-topping of the canal�s embankments
• Water theft, resulting in breaking of canal embankments and structures
• Plants and weed growth hindering water flow, or roots damaging the embankment
• Canal erosion and siltation
• Cracked or damaged canal lining
• Malfunctioning of gates or seepage around gates or other structures
• Burrowing by animals.

If leakage and seepage in canals are not controlled, with time the small tunnels become
larger and may result in complete collapse of the banks and other structures. Leakage prob-
lems become serious when there is no proper and timely inspection of the canals and when

Earthen canal for basin irrigation of onions at
Halhale, Debub Zone. Note siltation in the

canal

Bedding material

Geo-membrane�
lining

Figure 13.12 Cross-section of a canal with a geo-membrane lining



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

154

repair is not carried out immediately.

Over-topping
When the water in a canal rises above the level of the embankment, the water spills over, or
over-tops, the embankment and may cause serious breaches in it.

Some of the reasons for over-topping are:
• The flow is greater than the canal capacity
• Obstacles in the canal like stones, plants or temporary weirs put in by farmers may

block the flow
• Improper operation of gates�a gate may be closed when it should be open.

In large canals over-topping is prevented by providing the canals with spillways to safely
dispose of excess water.

Water theft
Good organization within the community and respect for neighbours is a necessity for any
irrigation scheme to work well.

Plants and weed growth
Weeds grow vigorously on and adjacent to canal embankments. They choke canals and reduce
their capacities. Together, weed growth and siltation can completely obstruct the flow of wa-
ter in a canal. The result can be over-topping and collapse of the canal embankments. Plant
roots can penetrate canal embankments and cause them to leak.

Canal erosion and siltation
If water in a canal is allowed to flow at too great a velocity it can cause severe erosion. Canal
bends are particularly susceptible to erosion because turbulence is created due to changes in
the direction of water flow. Canal banks can be eroded by over-topping water or by rainfall.
Animals drinking from the canal can also cause damage to the banks. The side slopes of a
canal may collapse if they are too steep or not properly compacted, or if they become too thin
due to erosion in the canal.

Erosion in a canal is to be expected when the velocity exceeds the upper limit. Reducing the
flow velocity, making the banks more stable and lining the canal may prevent such erosion.
The limits for velocity and recommended side slopes of canals are given in Tables 13.1 and

13.2.
Eroded soil may be deposited in a canal and this

siltation reduces the canal�s capacity. The eroded soil
may also be deposited adjacent to water-controlling
structures, thus blocking gates and outlets.

Cracked or damaged canal lining
If the members of the irrigation scheme are extremely
negligent, all the above-mentioned problems may also
occur with lined canals. If there are cracks in lin-
ings, obviously this is a serious situation that will

Poorly constructed canal for basin irrigation at
Halhale, Debub Zone
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cause leakage or seepage, and if the cracks are not repaired erosion, weed growth and collapse
of the canal will result.

Malfunctioning of gates or seepage around gates or other structures
Canal gates sometimes fail to function properly. Regular greasing and painting of metal gates
are required to avoid rusting and poor function. There can also be seepage of water near gates
and other structures, in which case more soil must be added before the seepage results in a
major leak or collapse of the embankment.

Burrowing animals
Burrowing animals like rats, rabbits, ground squirrels and porcupines may cause serious
damage to the canal embankments.

13.8 CANAL MAINTENANCE
For a canal system to function properly, it must be inspected and maintained regularly.
Canal maintenance should include the following tasks carried out on a regular basis:

• Trees, even fruit trees, should not be allowed to grow near canals. Their roots can cause
the canal embankment to leak.

• Weeds and silt in the canal must be removed before the canals start to leak or over-top.
• Any part of the canal which is leaking must be repaired by properly compacting the soil

at that point and not simply by dumping soil on top of it.
• Rodents or other burrowing animals should not be allowed to have holes near or in the

canal. Their holes should be filled in by compacting soil in them.
• Any eroded part of the canal, or ruts made at animal and people�s crossing points, should

be rebuilt to its original shape.
• Canal linings should be inspected regularly for cracks and other damage.
• Regular greasing and painting of metal structures must be carried out to avoid rusting.
• Concrete structures should be protected from erosion by stone pitching. Lack of proper

attention to the protective covering may result in complete destruction of the structure.

 A raised earthen canal poorly constructed of
rubble stone masonry at Ala, Debub Zone
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Chapter 14

Furrow irrigation

14.1 INTRODUCTION
In furrow irrigation water is confined to small channels or furrows and only a small propor-
tion of the surface area of the furrow is wetted. The water is gradually absorbed into the
bottom and sides of the furrow to wet the soil. Normally crops are grown on ridges between the
furrows. Furrow irrigation is suitable for many types of crops, and can be adapted to suit
different soil types and farming practices. It is particularly well suited for crops that are
normally grown in rows like maize, Irish potatoes and sorghum. Unlike in basin and spate
irrigation systems, only a small proportion of soil is wetted in furrow irrigation and the key to
efficiency is to ensure that the portion of the soil that can be reached by the roots of the crops
receives adequate moisture.

Furrow irrigation is the most widely used method of irrigation by small-scale farmers in
Eritrea and it has been used in the country for many years, but without much improvement
in technique. Most farmers only use short furrows, and often land levelling is not properly
done. If these deficiencies are coupled with a poorly maintained canal system, a furrow irriga-
tion system is very inefficient in terms of water use, labour requirements and production.

To improve the efficiency of furrow irrigation, existing practices must be improved. Farm-
ers generally need a better understanding of the system. The design of a furrow-irrigation
system depends on several factors. In deciding furrow spacing a compromise must be made
between the different physical and economic factors. But it is always important that the width
chosen ensures sufficient wetting of the soil.

View of irrigated area below Lamza dam
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14.2 FURROW SHAPE AND DIMENSIONS
Furrows are either V-shaped or U-shaped. The width of furrows may vary from 25 to 40 cm,
and the depth from 15 to 30 cm, but sometimes larger furrows are used. The appropriate
width and depth for a furrow depends on:

• Flow rate to each furrow (stream size)
• Soil type
• The crops to be grown.

Flow rate to each furrow
The flow rate in each furrow should vary from 0.5 to 3.5 litres per second. A higher flow rate
requires a larger furrow to carry the flow without causing any damage.

Soil type
The infiltration rates of different soil types (sand, silt and clay) vary considerably. In sandy
soil, where the infiltration rate is very high, the furrows are made narrow and deep so that
water will flow down the furrow quickly before it all infiltrates into the sand.

When the infiltration rate of the soil is very low, e.g. in clay, a larger surface area is
required for water to be sufficiently infiltrated, so in this case wide and shallow furrows are
recommended.

Crops
The growing stage of the crop being irrigated also affects the size of furrow required. When the
plants are very young and their root systems are not well developed, the soil in the ridges
must be completely wetted since the roots of the small young plants only penetrate to a shal-
low depth. This is achieved by using shallow furrows. As the root system grows and the plants
need more water from deeper layers, the furrows can be cut deeper to improve infiltration and
increase the furrow discharge capacity.

75–100 cm

25–40 cm

15 - 30 cm15–30 cm

Ridge

Furrow

Infiltration

Figure 14.1 Furrow dimensions should satisfy crop water requirement.
Measurements given apply to tall crops like maize

Figure 14.2 Furrow shape in sandy and clay soil

(a) Sandy soil (b) Clay soil
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View of an irrigated area below Lamza dam:
narrowly spaced furrows in the lower right-
hand corner and basin irrigation in the
background

Figure 14.3 Correct spacing is important

�

Stunted due�
to water shortage

Healthy: adequate�
moisture

 (b) Spacing too wide (a) Correct spacing

14.3 FURROW SPACING
Furrow spacing may vary considerably, depending on:

• Soil type
• Crops grown
• Farm implements used and cultural practices.

Soil type
Water in a soil can move in all four directions: sideways (laterally) from furrows, downwards
by percolating into the soil, and also upwards to wet the tops of the ridges by a process called
capillary action. The rate of water movement in each direction is different in different soils.
This is one of the important factors for determining furrow spacing.

On sandy soils water moves downward much farther than sideways. Therefore, the fur-
rows must be constructed very close to each other (about 50 cm). At a wider spacing there will
be a dry area between the furrows and the crops may not get enough water (Figure 14.3). On
clay soil the rate of lateral movement of the water is very high, therefore furrow spacing can
be as large as 1.2 m (Figure 14.4).

Narrow ridges Wide ridges

(b) Clay(a) Sand

Figure 14.4 Wetting pattern in sand and clay soils and how it affects furrow spacing
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Crops
Due to their size and characteristics, different crops require different spacing. As much as
possible, therefore, furrow spacing is chosen to suit the crop. Tall crops planted in rows re-
quire at least 50 cm spacing between the rows. Such wide spacing is well suited for one row of
crops on each furrow. Other, shorter, crops require narrower spacing, and it may be difficult
to construct furrows that are sufficiently small and close to one another. In this case, crops
can be planted in double rows. The ridge is then made much wider than for single planting
(see Figure 14.5).

Farm implements used and cultural practices
When furrows are constructed by manual labour, they can be made to any size and shape.
However, if implements like ox-driven ploughs or tractor-pulled implements are used for the
construction of furrows, the spacing between the furrows will depend on the implement, un-
less it is adjustable. The implements that might be used for cultivation will also affect furrow
spacing.

14.4 FURROW LENGTH
The efficiency of furrow irrigation is very much affected by furrow length. When all other
considerations have been taken into account, it is always preferable to have relatively long
furrows. The longer the furrows, the fewer canals are necessary, and thus less land is used up
by the canals and more can be used for cultivation. A higher water-flow rate can be used with
long furrows, and the labour requirement for the irrigation work will be low. However, with
increasing furrow length it becomes less easy to distribute the water uniformly along the
entire length of the furrow and a lot of water may be lost to deep percolation. When the
furrows are short, the area occupied by canals increases, irrigation demands a lot of work and
the system becomes very inefficient both in terms of water use and production. When short
furrows are used (2�5 m), as is common in Eritrea, up to 30% of the cultivated land may be
occupied by canals.

Furrow length depends on the following factors:
• Soil type
• Flow rate to each furrow (stream size)
• Irrigation depth required
• Slope of the land.

Figure 14.5 Crops planted in double rows on each ridge

Cabbage and lettuce planted on a raised bed at
Maereba, Debub ZoneFurrow irrigation at Tselema, Debub Zone
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Soil type
When irrigating sandy soils, water infiltrates down rapidly. This means that furrows must be
short enough for water to reach the far end quickly before a significant amount of water is
infiltrated along the way. If the furrow is too long for the flow rate, too much water will be lost
in deep percolation near the farm channel.

On clay soils, water infiltrates more slowly and furrows can be longer than on sandy soils
(up to 800 m or more) even when only a small flow is available. If the furrows are not long
enough for the stream size, excessive run-off can occur before sufficient water has been infil-
trated into the soil.

Flow rate to each furrow
On any type of soil the larger the stream size the longer the furrow can be. This is because
water will advance more rapidly down the furrows as flow is increased. However, there is a
limit to the flow rate that can be used because of the risk of soil erosion (maximum 3.5 litres
per second).

Irrigation depth
The amount of water applied each time is called the irrigation depth. The irrigation depth is
expressed in millimetres. An irrigation depth of 150 mm, for example, means that the �depth�
of water applied is 150 mm. Thus, the amount of water applied for an irrigation depth of 150
mm corresponds to 150 mm of rainfall. Applying larger amounts of water (a greater irrigation
depth) means that the furrows can be longer because there is more time available to spread
the flow down the furrows.

Slope
For a given soil, the steeper the furrow slope the shorter it must be. This is because water
moves more rapidly down the furrow as the slope increases, and if the flow becomes too strong
it can cause erosion.

Furrow length for different conditions
There are no simple ways to calculate the best furrow length for different crop and soil condi-
tions. Table 14.1 gives suggested furrow lengths for different conditions. These recommenda-
tions are based on experience and they can be helpful for beginners. However, each farmer
should try to arrive at the ideal lengths for furrows on his land based on his own experience.
It is suggested that small-scale farmers with farms of less than 3 ha begin with short furrows,
say 20�40 m, and keep the furrows almost level. As some experience is gained, these furrows
can be modified to attain the right size for the local conditions.

Table 14.1 Suggested furrow lengths (m)

Clay Loam Sand
Maximum: Average irrigation depth (mm)

Slope (%) Flow rate l/s 75 150 50 100 150 50  75  100

0.05 3.0 300 400 120  270 400 60  90  150
0.10 3.0 340 440  180  340 440 90 120 190
0.20 2.5 370 470  220  370 470 120 190 250
0.30 2.0 400 500  280  400 500 150 220 280
0.50 1.2 400 500  280  370 470 120 190 250
1.00 0.6 280 400  250  300 370 90  150 220
1.50 0.5 250 340  220  280 340 80 120 190
2.00 0.3 220 270 180  250  300 60 90 150

Source: Kay 1993.
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14.5 FURROW SLOPE
Ideally, furrows should be constructed with a uniform slope of 0.1% or less. Furrow slope is an
important factor affecting the efficiency of the system. Uneven or too steep slopes result in
poor water distribution and ero-
sion. Many farmers in Eritrea have
adopted the furrow irrigation sys-
tem without giving due considera-
tion to the slope of their land. In
most cases the result is too short
and inefficient furrows.

The maximum furrow slope
that can be used depends on the

Figure 14.6 Schematic presentation of the factors that affect furrow length
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Source: Kay 1993.
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risk of soil erosion. This is more critical in furrow irrigation than in basin irrigation because
the flow is confined in a small channel and so it can erode the soil more easily.

The maximum allowable slope is usually related to a non-erosive flow rate in each furrow
(Table 14.1). This is the maximum flow rate that will not cause any erosion in the furrow.
Furrows on 0.05%�0.1% slopes could safely carry flows greater than 3 litres per second from
an erosion point of view. In practice, however, this would be beyond the capacity of most
furrows and over-topping would occur.

When practical, and the land slope is less than 3%, furrows can be straight and parallel to
the edge of the field and aligned down the main slope of the land. If the slope is more than 3%,
furrows can be aligned across the main slope to reduce the furrow slope. The furrow slope
should always be less than 3% to avoid any risk of serious soil erosion. If the land slope is
steeper than this, and a furrow near the top of the field over-tops, it may seriously damage the
field and wash away the topsoil. Great skill is needed, and there is always a risk of erosion,
when using furrow irrigation on steep fields.

On undulating land, furrows are sometimes set out along the land contours. These are
called contour furrows. Again, cultivating and irrigating furrows in this way requires great
skill. In such a situation it is better that other methods like sprinkler or drip irrigation be
tried.

14.6 LAND LEVELLING
The success of furrow irrigation depends on many factors. The degree of land levelling is one
of the most important. In areas with rough topography and a slope greater than 3%, furrow
irrigation has more disadvantages than advantages because the steeper the slope the more
inefficient the system becomes. In most farms in Eritrea, because the fields are either sloping
or rough and no land levelling is carried out, the system consumes more water than required
and demands a lot of labour, thus becoming relatively uneconomical.

Only very short furrows can be used (2�5 m) if the irrigable area is not properly levelled.
This demands a lot of labour during irrigation. Furthermore, if the furrows are short the
canals will occupy a large part of the farm and a great deal of water will be lost due to seepage
in the extensive canal system.

A small-scale farmer can very successfully level his irrigable land with a reasonable effort
and amount of money. Instead of trying to bring the whole field to one level, he can divide it
into a number of manageable pieces. Each piece of land is made narrow across the contour but
very long along the contour. Once fields are laid out in this way, the soil can be loosened with
a local plough. Then soil can be moved with an earth scoop the relatively short distance that
is required to make that particular field level.

Levelling is not a one-time operation. After the first irrigation, some of the fill areas may
show uneven settlement. Therefore, after every irrigation season, the levelled area should be
inspected carefully and further levelling done if required. It may take two to three years before
no further re-levelling is required.

14.7 IRRIGATING THE FURROWS
When irrigating the furrows, water is supplied to each furrow from the farm channel using
siphons or spills. A siphon is a pipe using gravity to lift (suck) water over the side of the
channel to the lower-lying furrow. A spill is a simple opening in the side of the channel that
allows water to flow into the furrow. Several furrows can be irrigated at the same time,
depending on the discharge available in the farm channel.

Water in the furrows moves downwards and to the sides and wets the soil slowly. In this
system, between a third and a fifth of the topsoil is wetted and thus water losses by evapora-
tion are relatively small. To properly use the available water, care should be taken not to flood
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the area excessively or to under-irrigate it. Some water will always be lost in deep percolation,
but this amount will be quite small if the system is well designed.

As a rule, sufficient water should be applied just to moisten the soil in the root zone.
Applying water deeper than that is a waste of water and, furthermore, will result in retarded
crop growth. Special equipment can be used to regulate the water in this way, but such
equipment is rarely required. Even very successful farmers usually rely on their experience
and judgement. Practical experience is essential for successful furrow irrigation.

In furrow irrigation, run-off can be a major problem. In some areas run-off can be as much
as 30% of the inflow. For this reason, it is important to provide a shallow drain at the end of
the field (sometimes called a tail drain) to remove excess water. Otherwise the run-off can
result in waterlogging, which may damage sensitive crops.

On some highly organized schemes run-off water is collected in storage ponds and pumped
through a pipeline back into the irrigation system. This should only be done with great cau-
tion because run-off water may become mixed with saline drainage water, which can result in
damage to crops. As a general rule, drainage water is best left unused unless the irrigator is
sure it is safe to re-use.

14.8 COMMON PROBLEMS IN FURROW IRRIGATION
There are many problems in furrow-irrigated farms that may result in poor water distribu-
tion and low irrigation efficiency. Common problems are:

• Furrows are too short
• Poor land preparation
• Advance time too long
• In-flows are stopped too soon
• Specific problems on clay soils.

Problems associated with canals and water-control structures are discussed in Chapter
13.

Furrows are too short
Because it has been the tradition, farmers in Eritrea usually use very short furrows even in
areas where the land is level. The area occupied by the canals is then unnecessarily large
compared to the cultivated land, and the system is labour demanding and inefficient.

Lettuce grown on furrows at Maereba,
Debub Zone
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View of a furrow-irrigated farm at Maereba,
Debub Zone

Poor land preparation
Often irrigation starts with little or no proper land levelling. Uneven slopes and low-lying
areas in a field can result in poor water distribution and waterlogging. Very small changes in
ground level can have significant effects on irrigation efficiency. All these faults can be cor-
rected by careful land levelling or grading.

Advance time too long
Advance time is the time taken for water to reach from the beginning to the end of a furrow.
When the flow rate is too low, the advance time becomes too long. There are two common
reasons for this. Firstly, the irrigation may be fixed to a schedule such as 8 or 12 hours to fit
in with other farm work. Secondly, run-off is reduced because the water takes a long time to
reach the end of the furrows. However, this practice also greatly increases deep percolation
losses, which are not so obvious as run-off that can easily be seen. Only by choosing the right
flow rate for the prevailing soil conditions can losses be reduced.

Inflows stopped too soon
Even when the right flow rate is used, the inflow is sometimes stopped too soon to try and
reduce run-off. This results in a poor distribution of water and plants at the ends of furrows do
not get enough water. This can be seen very clearly in some crops where the growth is much
poorer towards the end of the furrows.

Furrows on clay soils
On clay soils, infiltration is usually very slow, and sometimes it is difficult to get enough
water to infiltrate into the soil. On sloping land, the water may flow too quickly down the
furrow with the result that only a small amount of water infiltrates at the head of the furrow
causing poor crop growth. This problem can be overcome by using a very small stream size or
by re-grading the land so that the slope is much flatter. In either case, the advance will be
slower and more water will infiltrate at the head of the field.
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Chapter 15

Basin irrigation

15.1 INTRODUCTION
In the irrigation context, a basin is a level area surrounded by earth bunds. Irrigation is
accomplished by ponding water in the basin until it infiltrates sufficiently deep into the soil to
reach the roots of crops planted in it (Figure 15.1). Basins can vary in size and are mostly used
for close-growing crops like carrot, onion and lettuce, and also for fruit trees.

Basin irrigation is a simple and widely used irrigation method in Eritrea, but because of
lack of experience the system is not always well understood by the farmers. Only small basins
of a few square metres are commonly in use. For basin irrigation to work efficiently, it is
important to use the right size and shape of basin, a suitable flow rate and generally to apply
good water management.

Figure 15.1 Basin irrigation

A mixed crop of carrot and lettuce under basin irrigation
Women resting during harvest of vegetables grown under
basin irrigation
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Figure 15.2 Schematic presentation of the factors that affect
basin size

15.2 BASIN SIZE
Basin size is an important factor for the efficiency of basin irrigation. When the basins are
small, a large proportion of the land is lost to canals, borders and roads, and a relatively
greater number of basins will be required. In addition, small basins demand a lot of labour
during irrigation and there is a lot of spilled water.

Basins can vary in size from a few square metres to several hectares. The factors that
affect the choice of basin size are:

• Soil type
• Flow rate
• Irrigation depth
• Land slope
• Farming practice.

Soil type
When irrigating sandy soil, water infiltrates down rapidly. This means that basins in sandy
soils must be relatively small so the applied water can spread quickly over the whole surface
area before much of it is lost to deep infiltration. On the other hand, when irrigating clay soils,
water infiltrates much more slowly and so there is more time for water to spread over the soil
surface before a substantial amount infiltrates. This means that for the same flow rate basins
can be much larger on clay soil than on sandy soils.

Flow rate
The larger the stream size, the quicker the water spreads across the soil surface. Therefore, in
any given soil type, the larger the stream is the wider the basin can be.
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Irrigation depth
To apply a greater irrigation depth there must be a longer contact time between the water and
the soil being irrigated. The contact time is the time the water is allowed to stay on the
surface of the soil. This means enough time is available for water to cover a larger surface
area. Therefore, on soil of the same type, the greater the irrigation depth, the wider the basin
can be.

Land slope
The effect of slope on water distribution in a basin is shown in Figure 15.3. If the soil is deep
enough, large basins can be constructed even on gentle slopes after levelling of the land.
However, this requires capital, skill and equipment. A large sloping area can be levelled by
dividing it into smaller portions and levelling each piece separately (Figure 15.4). Normally,
only small basins are constructed on undulating and sloping land.

Figure 15.4 A sloping area levelled by dividing it into smaller plots
and levelling each plot separately

Figure 15.3 The effect of slope on the uniformity of water distribution

Levelled �
plots

Levelled �
plot

Slope before �
levelling

Onion grown under basin irrigation at Tera-
emni, Debub Zone. Basins are constructed

at different levels across the gentle slope
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Cabbage grown on an irrigated farm

A proud farmer with his cabbage: Lamza irrigation scheme

Table 15.1 provides a guide to basin size for different stream size and soil type. In places
where basin irrigation is practised, the experience of local irrigators often provides a good
guide to the best size. In small-scale irrigation, flow rates of less than 30 litres per second are
most common.

Table 15.1 Suggested basin sizes (ha)

Flow rate (l/s)* Soil type
Sand Sandy loam Clay loam Clay

15 0.01 0.03 0.06 0.1
30 0.02 0.06 0.12 0.2
60 0.04 0.12 0.24 0.4
90 0.06 0.18 0.36 0.6

120 0.08 0.24 0.48 0.8
150 0.10 0.30 0.60 1.0
180 0.12 0.36 0.72 1.2
210 0.14 0.42 0.84 1.4
240 0.16 0.48 0.96 1.6

* Litres per second

15.3 BASIN SHAPE
Basins can be of any shape, but from a practical point of view long and narrow rectangular
basins are preferred. If basins are rectangular this can reduce the number of farm canals,
labour and maintenance costs. If the basins are located on both sides of a canal, this can
further reduce the number of canals required. When the land is undulating, basins can be
shaped to the land contours. These are called contour basins and they can be very irregular in
shape. If the area of undulating land is small, however, it is better to grade it into a flat and
rectangular area.

15.4 CROPS
The types of crops commonly grown in basins are vegetables like carrot, onion, lettuce and
cabbage. Cotton, maize and fruit trees are also grown under basin irrigation.

In fruit orchards, irrigation basins can easily be adapted to the needs of growing trees.
When young trees are first planted the root system is small and the water demand is low. A
small basin around each tree is sufficient. As the trees grow and their root systems expand,
the basins can be increased in size to supply more water. The canal system remains on the
same alignment but the distributary canals are shortened as the basins increase in size.

In the case of crops that are very sensitive to waterlogging, raised beds or furrows can be
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constructed within the basin (see Figure 15.5). The crop is then planted on the raised beds.
This method is also used on heavy clay soil where the water may stay for more than 24 hours
before it infiltrates completely.

15.5 EARTH BUNDS
Small embankments built around the basin hold water without leakage while it infiltrates.
The embankment or earth bund is made 30�50 cm high and 60�120 cm wide at the base
(Figure 15.6). This provides a sufficient soil barrier to stop leakage. The bund should be wide
enough at the top to provide a path for people and also equipment, as required.

Earth bunds are constructed by collecting soil from adjacent places and then moistening
and compacting it properly. Normally, the bunds should be built higher than required be-
cause there will be some settlement when the soil becomes saturated.

Figure 15.5 Crops grown on raised beds inside a basin

Figure 15.6 Dimensions for manually constructed field embankments
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An irrigation engineer looking at water loss
from poorly managed basin irrigation

Poorly constructed basins at Halhale, Debub Zone. The water
flow is too fast at the inlet bringing silt and damaging the young
crop
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Poorly constructed basins. Here the basins are not level, and thus
waterlogging at one end causes damage to the young crop

15.6 WATER MANAGEMENT
A canal system is constructed to supply water directly to each basin. Water can be directed to
each basin by siphons, but the most common method is to simply break an outlet in the canal
embankment. Depending on the flow size, one or more basins can be irrigated at a time. A
basin is filled to a certain level, and the water is ponded until it infiltrates deep enough into
the soil.

If the basins are properly levelled, and there is good care by the irrigator, run-off losses and
erosion damage are minimal.

Care must be taken not to let salts accumulate on the surface or in the root zone. Accumu-
lated salts can be washed out from the soil by various methods (see Chapter 12 for details). It
is good to remember that essential soil nutrients will also be washed down when leaching
salts. Prevention of salt accumulation is a much better and cheaper option than leaching
them.

Basins in heavy clay soils or in high-rainfall areas should be provided with drainage out-
lets. This is because if the water stands in the basin for long periods some crops can be
damaged or killed, or at the very least there will be a reduction in yields.
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Chapter 16

Spate irrigation

16.1 INTRODUCTION
Spate irrigation is a system of irrigation where cultivated land is irrigated by flooding. Nor-
mally, a large volume of river flood carrying considerable amounts of silt is allowed to cover a
large area for a short period of time. The water then soaks into the soil, the silt is deposited
and crops are grown on the residual moisture.

The discussion of spate irrigation in this chapter applies only to small-scale structures
which can be constructed with local skills and little input from outside.

16.2 SPATE IRRIGATION IN ERITREA
General description
Spate irrigation was introduced to Eritrea about 80 years ago. It is a widely practised system
of irrigation in the eastern lowlands where the annual rainfall is too low to sustain rain-fed
agriculture. The system is also expanding to other parts of the country, and at present there
are more than 12,000 ha under spate irrigation in Eritrea. Individual spate-irrigation scheme
areas range from less than a hectare to more than 4,000 hectares.

Temporary diversion embankments are constructed across a river to divert spate flows to
adjacent arable areas. These embankments are made of riverbed sand, stones and brushwood
with no provision for gates or spillways. As the flood rises, this embankment usually fails due
to over-topping or piping through the embankment. The embankment is then partially or
completely washed away and so has to be rebuilt to again divert water to the fields.

The main canals are taken off from the river and are subdivided into smaller canals as

An overview of spate irrigation at Zula

Maize grown on silt deposited
on a spate-irrigated farm



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

172

Water infiltrating into the deep layers of silt, Sheeb

Newly deposited silt

they reach the irrigated area. The canals have a large capacity in relation to the area irri-
gated because of the short duration of the spate flows.

Often there are no permanent structures for the control and distribution of spate flows.
Instead, canals and distributors are blocked with temporary earth bunds which are opened
when required. Normally, the irrigation water is let into a field, or series of fields, until they
are flooded to a depth of about 20 cm. In most cases water flows from field to field in a series.
When every field in a given block or series has received water, then the main canal check-
bund is breached. The flow then continues down to the next block of fields, and so on until the
entire spate flow is dissipated.

These traditional structures are relatively cheap to build but require considerable mainte-
nance and repairs during the irrigation season to remain functional. Larger spates usually
sweep away the temporary diversion structures, resulting in loss of effectiveness and repair
expenses. Thus, it is unlikely that efficient and risk-free irrigation of the whole area relevant
to each diversion structure will be achieved.

Management of existing spate systems
In many cases spate-irrigated farms are large, and in this case tend to be owned by a group of
farmers. Water distribution is dealt with by the farmers� committee and is intended to ensure
an equitable distribution of water throughout the scheme. The construction of new struc-
tures, the maintenance of the irrigation infrastructure and the distribution of flow through
the canals are communal activities organized by the farmers� committee.

Problems and improvements required
Spate irrigation contributes a great deal to grain production in Eritrea. In spite of this, there
are several major problems that hamper efficiency:

• Climatic data are virtually unavailable; thus forecasting the probability of occurrence,
magnitude and frequency of floods is almost impossible.

• There is a very high risk of large floods washing away diversion structures, canals and
field embankments.

• Farmers have technical problems dealing with destructive floods and the general design
of a system that will properly distribute the spate flow.

• The traditional distribution system also lacks adequate control structures. Field-to-field
irrigation usually results in erosion because there are no proper flow-control mecha-
nisms.

Traditional spate-irrigation systems need to be improved by the provision of permanent
structures to:

• Divert and regulate spate flows from the main river
• Divide flows into proportions which farmers can manage
• Reduce the risk of canal degradation and temporary or permanent loss of control over the

water flow
• Permit greater control within the system
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• Improve application efficiencies
• Make better use of the available water.

16.3 THE NEED FOR SPATE IRRIGATION
When an area with suitable topography for spate irrigation is available, a spate-irrigation
system may be developed to address constraints or explore potentials, as follows.

Shortage of rainwater
An obvious situation when there is a need to divert river floods is when there is a shortage of
rainwater. In almost all the lowland parts of Eritrea the rainfall is too low for good plant
growth and its distribution and timing is very unpredictable. In this case, diversion of flood-
water is an option for supplementary irrigation.

Lack of water-storage facilities
When there is a river flow but no water-storage facilities (e.g. a dam), spate irrigation is a
means to ensure productive use of the flow.

For dry-season production
In Eritrea, when the central and western parts of the country receive rain the eastern parts
remain dry, and vice versa. Thus, the eastern parts of the country receive flash floods from
the highlands at times when there is no rain in the eastern lowlands.

For soil improvement
When the soil on the land being cultivated is poor, e.g. very sandy, shallow, or made up of
boulders, gravel or sand, then it can be improved by diverting sediment-loaded floodwater and
allowing the sediment to be deposited there. In many of the spate-irrigated farms, soil depth is
increasing yearly and its fertility is maintained at a high level by the addition of silt and
organic matter carried by the flood.

For recharging groundwater
Spate irrigation can be used to recharge groundwater resources. This groundwater can be
very useful for other types of irrigation.

16.4 DESIGN OF A SPATE-IRRIGATION SYSTEM
In most of the large spate-irrigation schemes like Sheeb, Foro and Bada, some 80% of the
farmers� labour is spent on reconstruction work, either on the diversion, the field embank-
ments or the canal network. High floods regularly damage the structures. In most of the
existing spate-irrigation schemes, the important water-controlling structures are temporary
and not durable enough to sustain the impact of large and medium spates. Since the farmers

View of the settlement and spate irrigated
area at Sheeb
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Figure 16.1 Sketch of a spate irrigated area

spend most of their time on reconstruction activities, relatively little attention is given to
other important agricultural activities such as weeding.

For spate irrigation to work well, efficient water-controlling structures must be in place.
There must be good control of the irrigation or river spate flow at the diversion, and when it is
distributed from one canal to another and from field to field. All these structure must be as
durable as possible and well maintained.

This section highlights the following factors that need careful consideration when design-
ing a spate-irrigation system:

• Determination of size of river flow
• Site selection and investigation
• Diversion structure
• Division boxes or division structures
• Canal networks
• Field intakes
• Drainage outlets
• Spillways
• Field embankments or bunds.

The location of the different structures is presented schematically in Figure 16.1.

16.5 DETERMINATION OF SIZE OF RIVER FLOW
The river flow should be properly evaluated in order to:

• Determine how much area to irrigate
• Design the different structures required.

Good climatic statistics would be required to accurately determine the size and frequency
of reliable river flows. However, usually such data are not available, or at least not easily
accessible. Therefore information from elders and historical watermarks must be used to
determine the maximum flow rate.

In case climatic and other data are available, the method described in Section 8.5 can be
used to estimate the yearly run-off. Methods for calculation of peak flow are described in
Appendix 7.
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16.6 SITE SELECTION AND INVESTIGATION
In selecting a particular site for a diversion structure, the following factors should be consid-
ered:

• A narrow, straight, well-defined part of the river should be selected
• It should be possible to construct a take-off canal without excessive digging or filling
• The site should be easily accessible.

16.7 DIVERSION STRUCTURES
A diversion structure is a structure constructed across a river to divert a regulated quantity
of the river water towards a canal. It may serve some or all of the following purposes:

• It raises the water level in a river so that it becomes possible to let water enter a canal
system

• It regulates the supply of water into a canal or to an irrigation scheme
• It controls the entry of silt and other materials into a canal.

A diversion structure is the most important of all structures connected with a spate-irriga-
tion system. Any damage to this structure may result in a large part or all of the area not
being irrigated, unless the damage is minor and is repaired promptly. In order to function
efficiently, a diversion structure should include the following parts:

• Weir
• Scouring sluice
• Canal head regulator
• Guide wall (sometimes also called divide wall).

A typical diversion structure is shown in Figure 16.2.

Types of diversion structure
A diversion structure can be temporary or permanent.

Canal head �
regulatorDivide�

wall

Weir

Scouring�
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Canal head regulator

Irrigation �
canal
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sluices     

Weir
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(b)

Figure 16.2 The different parts of a diversion
structure: (a) top view (b) three-dimensional view
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Close-up of temporary diversion structure made of riverbed
material reinforced with brushwood, Sheeb

River Laba near the diversion site at Sheeb

Temporary diversion structures
A temporary diversion structure is a simple embankment constructed of earth, rocks or earth
and brushwood, or a combination of these. Most of the diversion structures in Eritrea are
temporary.

A temporary diversion structure is very easy to construct, and in most cases very cheap.
Larger structures, however, may require a great amount of manual and animal (oxen, camels
and donkey) labour for construction and maintenance. Temporary diversion structures con-
sume a large quantity of tree branches and farmers often have to travel some distance to fetch
them. This may have a negative impact on the surrounding environment.

Temporary diversion structures are recommended only for minor works where not more
than 1�5 ha are to be irrigated and the river flow is of manageable size.

Permanent diversion structures
Permanent diversion structures are constructed of durable material like concrete or ma-
sonry. Local workmen can build small structures, but large and medium-sized diversion
structures must be designed by a qualified team of engineers, hydrologists and other special-
ists.

There are many small diversion structures constructed by local builders that are function-
ing well. But because of the difficulty of operating and maintaining such temporary diversion
structures, there is a growing demand for the construction of more permanent and durable
ones. Locally built permanent structures sometimes lack silt-removal mechanisms, or they
are not provided with gates, or their capacity is either too small or too large. With a little
improvement these structures can be made more efficient.

Design of a diversion structure
A properly constructed diversion structure must meet the following criteria:

• It should be easy for the beneficiaries to operate and maintain
• It should raise the upstream water level enough to make it possible to divert even a very

low flow

Diversion structure reinforced with
gabions, Sheeb
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• It should not allow sediments or floating material to enter the main canal
• It should not have a negative effect on the surrounding environment.

Design of a diversion structure involves:
• Determination of the size of the river flow
• Site selection and investigation (foundation material, riverbed width)
• Design of the different parts of the structure (weir, scouring sluice, guide wall, wing

walls and canal head regulator).

Weirs
A weir is a structure across a river that raises the water level on its upstream side so that
water can be diverted to a main canal.

Types of weir
There are many types of weir. Some types are complicated engineering structures. Details on
these are not covered in this manual. Other weirs are simple masonry or concrete structures
that can be constructed by local workmen. Normally they are no more than 1�3 m high.

The two types of weir described here are:
• Weirs with a vertical drop
• Weirs with a sloping downstream face (glacis).

Weirs with a vertical drop
A weir with a vertical drop has vertical upstream and downstream faces. It is the simplest
type of construction made of stone masonry or concrete.

The top width of the weir wall is kept at 1.5�1.8 m. If stone masonry is used for the
construction of the wall, the top is braced with reinforced concrete 20�30 cm thick. The foun-
dation must be completely cleared of any debris, and if it is a smooth surface it must be
chiselled to roughen it so that the weir wall will be well bonded to the foundation. A typical
weir with vertical drop is shown in Figure 16.3.

Sometimes a slope of between 10V:1H and 8V:1H may be given to one or both the upstream
and downstream faces for increased strength.

Weir with a sloping downstream face
A typical weir with a sloping downstream face (glacis) is shown in Figure 16.4. The slope of
the glacis is kept at 1V:1H to 1V:5H. For weirs less than 2 m high, a 1V:1H (45º) slope is
recommended. A slope of 10V:1H may be given to the upstream side of the weir.

The top width of the weir wall is kept at 1.5�1.8 m. If stone masonry is used for the
construction of the wall, the top is braced with reinforced concrete 20�30 cm thick. The foun-
dation of the weir should be clean, or treated as described below, before the construction of the
weir wall starts.

Figure 16.3 Cross-section of a weir with a vertical drop
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Figure 16.5 Cross-section of a weir constructed on a permeable foundation

Foundations for weirs
It is best to locate weirs on a solid and strong foundation. The foundation must be clear of any
debris. If the foundation is made of smooth rock, its surface must be chiselled to make it rough
so that the weir and the foundation will have a strong bond. Cracks in the foundation must be
filled with cement slurry.

Some weirs are constructed on a permeable foundation, such as a riverbed of sand, gravel
or boulders. Water that percolates underneath the foundation of the weir may undermine the
foundation and the weir may collapse. Alternatively, the structure may fail if it is lifted up
due to the strong force of water percolating under the structure. To make such a foundation
safe against piping or undermining, it is provided with an impervious horizontal floor, called
a pucca floor or apron, and with cut-offs at the upstream and downstream end of the floor. To
make the structure safe against uplift, the floor must be heavy enough to counterbalance the
uplift force from the water under the structure.

It is recommended that a qualified engineer be consulted for the design of weirs constructed
on a permeable foundation. However, when the services of an engineer are not available, the
design and approximate dimensions shown in Figure 16.5 may be used to construct a weir up
to 1�3 m high.

Figure 16.4 Cross-section of a weir with a sloping downstream face
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Weir capacity
Weirs are normally constructed across the whole width of a river, unless the river is very
wide. Usually, therefore, the length of a weir is determined by the width of the riverbed. The
weir should always be designed to safely dispose the maximum river discharge. The following
formula can be applied to determine the flow height over the weir:

H = (Q/C . L) 2/3 (or Q = C . L . H3/2)

where: H is flow height over the weir in m
Q is the peak flow that passes over the weir in m3/s (equal to the peak discharge of
the river)
C is a coefficient of discharge = 1.50�1.70
L is the crest length of the weir (normally the width of the riverbed) in m.

The weir should have the potential capacity to take the whole of peak river flow (anticipat-
ing that the structures for diversion to the irrigated area may be closed at the time of the peak
flow). When the flow height has been decided, a freeboard (extra allowance or margin) of 1.0�
1.5 m must be provided. Therefore, the weir opening will be between (H + 1) m and (H + 1.5)
m.

Example
If a river flow, Q, = 120 m3/sec, and the crest length of the weir, L, is set at 55 m (equal to the width
of the riverbed) the flow height over the weir, H, will be:

 H = (Q/C . L) 2/3 = (120/1.60 x 55) 2/3 = 1.23 m

If the weir is provided with 1.2 m freeboard, then the weir opening will be 1.23 + 1.20 = 2.43 m
high.

Figure 16.6 Three-dimensional drawing of a weir on a permeable
foundation

L=  55 m

1.20 m

1.23 m

Figure 16.7 Calculation of weir capacity
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Figure 16.8 Position of a scouring sluice in relation to the canal head regulator

Scouring sluice
Most of the river spates in Eritrea carry boulders, sand, silt and tree branches, and even tree
trunks. This vegetative material, because it floats on the flood surface and is visible, can be
prevented from entering the canal system. It can be deflected from coming near to the canal
head regulator by closing the appropriate gates, or by providing the gates with a trash rack.

However, boulders, sand and other heavy materials move by rolling on the riverbed. If this
material enters the canal system, even in small quantities, it will start to accumulate on the
bed of the canals, and gradually block the system and cause great damage. Furthermore, if
the sand reaches the cropped fields, it may reduce the fertility of the soil and the fields may
silt up very fast.

Therefore, provision must be made for preventing or minimizing the entry of sediments
into the canal system. This is done by the construction of a special structure called a scouring
sluice or an under-sluice. A scouring sluice is a gated opening located at one side of the weir
wall and very close to the canal head regulator. When a scouring sluice is opened, a strong
current of water is created which cleans out (scours) the sediment on the bed of the river. It is
an important part of a diversion structure. The location of scouring sluices is shown in Figure
16.2, and the arrangement in relation to a canal head regulator in Figure 16.8.

Functions of a scouring sluice
The functions of a scouring sluice are to:

• Prevent boulders, sand and/or other sediments carried by the river flood from entering a
canal. Without a scouring sluice, there will be uncontrolled flow of the sediments into
the canal. A scouring sluice prevents the entry of most sediment through the canal head
regulator.

• Maintain a well-defined river channel towards the canal head regulator. Since the crest
of the scouring sluice is located at the lowest level in the river, a deep channel develops
towards this opening. This channel attracts low flows towards the scouring sluice, thereby
ensuring easy diversion through the canal head regulator.

• Scour the silt deposited on the upstream side of the canal head regulator.

Design of a scouring sluice
Most scouring sluices are so-called orifices�an orifice is an opening, in this case through a
wall, as shown in Figure 16.8. The following features are essential for a scouring sluice to
function well:

• The bottom of the orifice opening (crest) should be kept as close as possible to the level of
the riverbed. Thus, the crest of the scouring sluice should be much lower (0.5�1.2 m)
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than the crest of the canal head regulator (Figure 16.9). This is to ensure that the water
passing through the scouring sluice can scour the silt deposited in front of the canal head
regulator.

• The opening should not be less than 1 m wide and 0.5 m deep. The width of the opening
is usually kept equal to twice the depth of the opening.

• It is recommended to have two or three small openings rather than one large one. This is
as insurance in case of malfunction of one gate. If there are several gates, some regula-
tory capacity will remain even if one of them is not functioning properly.

• Each opening should be provided with a control gate.

If for some reason it is not possible to have a scouring sluice, and as a result too much
sediment enters the canal system, the canal must be provided with some other device to
remove sediment before it reaches the fields. For example, there could be extra outlets at
strategic locations to allow sediment to be splashed out from the canal.

Canal head regulator
A head regulator or main canal intake is a structure built on one side of a river at the head
(entrance) of a canal and adjacent to the scouring sluice. A canal head regulator, which is
usually also an orifice, is constructed very close to the scouring sluice, unless a suitable site is
not available there. It controls the amount of water diverted from a river to the canal. To
ensure effective control of the water, it is best if it is provided with three or more gates. These
can be manually operated. The supply of water into the canal is then controlled by opening
and closing of these gates. The location of the canal head regulator in relation to the scouring
sluice is shown in Figures 16.2 and 16.8.

Canal head regulator capacity
The canal head regulator must be designed to allow passage of the maximum flow that the
canal can carry. (See Chapter 13 and Appendix 11 for calculation of canal capacity.) The
maximum flow through an orifice such as a scouring sluice or a canal head regulator may be
calculated using an orifice formula:

Q = Cd x A x 2 x g x H3/2

where: Q = Discharge in m3/s
Cd = Discharge coefficient (Cd = 0.63 may be used)
A = Area of gate opening
H = Head of water above top of gate (see Figure 16.9)
g = Gravitational acceleration = 9.8 m/s2.

Example
If we have a rectangular gate opening 2 m x 3 m and the water level is 1.5 m above the top of the

Figure 16.9 Example for calculating
the capacity of an orifice

Canal head�
regulator

Closed scouring sluice

A

Highest water level

H
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orifice, the flow through the gate can be calculated as follows:

Q = Discharge in m3/s
Cd = Discharge coefficient = 0.63
A = Area of gate opening = 2 x 3 = 6 m2

H = Head of water above top of gate = 1.5 m

Q = Cd x A x 2 x g x H3/2

Therefore:
Q = 0.63 x 6 x 2 x 9.8 x 1.53/2 = 136.1 m3/s

The flow can be regulated by changing the gate opening area and/or the head over the gate.
Suppose the gate is half closed and the head, H, remains the same, then the area of the gate

opening, A, will be 1 m x 3 m = 3 m2. Then the discharge through the gate will be:
Q = Cd x A x 2 x g x H3/2

= 0.63 x 3 x 2 x 9.8 x 1.53/2

= 68.1 m3/s

Guide wall
A guide wall is a wall constructed at right angles to the axis of the weir in order to separate
the scouring-sluice section from the rest of the weir. This wall is usually made 1�2 m thick
and extends up to a distance of more than 3 m beyond the canal head regulator. The crest
elevation of the guide wall is kept equal to the crest elevation of the weir. The position of a
guide wall is shown in Figure 16.2.

The functions of the guide wall are to:
• Enhance deposition of silt on the scouring-sluice floor and so ensure relatively clear

water enters the canal
• Separate the scouring sluice and the weir floors, which are at different levels
• Provide a straight approach for the flow and thus reinforce the scouring action of the

sluices for washing out the silt deposited on the scouring-sluice floor.

16.8 DIVISION BOXES OR DIVISION STRUCTURES
A division box or a division structure is a structure put along a canal at a point where two or
more canals meet. It is used to divide and control the flow from one canal to several other
canals or fields. The structure consists of two or more controllable openings provided with
metal or wooden slide gates or stop planks (Figure 16.10). The flow from one canal is divided
between two or more canals or fields by partially or completely opening or closing the appro-
priate gates.

Larger canals are provided with a series of small openings rather than one big one, which
is usually more difficult to operate. A division box is normally made of concrete or masonry,
but it can also be made of metal or wood. A typical division structure is shown in Figure 16.10.

16.9 CANAL NETWORKS
See Chapter 13 for details on canals and canal networks.
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16.10 FIELD INTAKES
Every field, or at least each group of 5�10 fields, should be provided with concrete pipes equipped
with metal or wood gate valves that are easy to open and shut, as shown in Figure 16.11.

On almost all of the spate-irrigated farms in Eritrea, the flow of water from a canal to a

Steel slide�
gate

Wooden slide�
gate Stop plank

Figure 16.10 A typical division structure and three types of simple
gates

Field�
embankment

FieldField

Gate
Concrete�

pipe

Gate valves made�
of wood and steel

(a)

(b)

Figure 16.11 Field intake (a) with a
concrete pipe, (b) with wooden slide gates



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

184

Figure 16.12 A drainage outlet made of concrete pipes
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embankment

Gate

Gate valves made of�
wood and steel

Drainage canal�
or another field

Concrete�
pipe

field is accomplished by breaking a small opening through the canal embankment and/or
blocking the canal with earth. Because the flow is usually large, these ways of controlling the
water eventually result either in over-irrigation or in destruction of canals or field embank-
ments. Large areas become over- or under-irrigated. This results in a reduction of crop pro-
duction and demands a lot of human labour for operation and maintenance of the system. The
system also sometimes causes disputes among the farmers. Under no circumstances can the
above-mentioned practices be recommended.

16.11 DRAINAGE OUTLETS
During the initial irrigation of a field, the field can be left flooded for a number of days until
the water infiltrates deeply into the soil. However, when there are standing crops, flooding the
fields for more than one or two days (depending on crop type) may cause the crop to die. To
avoid the problem of waterlogging, each field must be provided with a drainage outlet. Excess
water can then be evacuated through this outlet.

A culvert provided with a simple gate or other closing mechanism can serve as a drainage
outlet. One-metre-long prefabricated concrete pipes of 40�60 cm diameter are suitable for this
purpose. An example of a drainage outlet is shown in Figure 16.12.

16.12 SPILLWAYS

General
Spillways play an important role in spate irrigation. This is because, given the magnitude of
the flows involved, which are usually very great, any mistake in controlling the flows can
cause extensive damage. Due to malfunction of flow-controlling gates or other structures,
unexpectedly high flood levels, negligence of gate operators, or other reasons, water can enter
a part of a canal system, a field or a number of fields in an uncontrolled manner. Without
appropriate safety mechanisms, damage can be severe. For example, in Sheeb, sometimes
300�500 hectares of farmland may be abandoned because an embankment or minor canal
breaks down by over-topping and efforts to repair the damage in time fail. In spite of this, few
of the large spate-irrigated farms in the country are provided with spillways.

To function properly, spate-irrigated farms should be provided with some kind of spillway
at strategic locations in the canal network and along field embankments (Figure 16.13).
For economic reasons, the type of structures to be provided with spillways must be carefully
evaluated. It is recommended to provide the main or large-capacity canals with masonry or
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concrete spillways, and other smaller canals and fields with simple grass spillways. For fields
smaller than 1 ha, the level of a small portion of the embankment is made relatively lower
than the rest of the embankment so that if excess water comes along it can escape safely
through this portion or opening. Such a spillway must be protected from erosion by covering
its surface with grass. If the fields are larger than a hectare, masonry or concrete spillways
are recommended.

Location of spillways
In selecting a location for a spillway, it is important that excess water escaping through the
spillway should not be allowed to cause damage to other structures or fields. To ensure this:

• For canals, locate the spillway on the downstream side
• For individual fields, locate the spillway on one side of the field.

Types of spillway
There are many types of spillway. However, only the simplest type is described below. A
typical spillway serving a canal or a large field is shown in Figure 16.14. The spillway is
simply a drop structure which consists of four parts:

• Weir
• Side wall/wing wall
• Apron
• Head wall extension.

Weir
The weir is a simple 0.5�1 m thick vertical wall made of masonry or concrete. The crest level
of the weir is kept at the full-supply level of the canal or the field.

The crest length of the spillway is calculated using the same broad-crested weir formula as
is used for the weir of the diversion structure (Section 16.7):

�

Spillway, drainage outlets

Figure 16.13 Location of spillways in spate irrigation
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L = Q/C x H3/2

(or Q = C x L x H3/2)
where: L = Crest length of the spillway

C = Coefficient of discharge (normally between 1.50 and 1.70; i.e. 1.60 can be
used for spillways)

H = Flow height over the weir
Q = Peak design discharge of the canal.

Example
A large canal (with a maximum capacity of 3.7 m3/s) is to be constructed and it must be made very
safe. If, for example, a gate in the canal becomes blocked and cannot be opened, or in the event
of a gate operator closing a gate instead of leaving it open, there should be a spillway that will
allow the water to flow out safely without causing any damage.

We wish, therefore, to calculate the required crest length for a spillway that would allow the
entire canal flow to pass through the spillway without causing damage to the canal embankments,
fields or other structures. A properly designed canal has a safety margin called �freeboard�. This is
extra height to the embankment over and above that which is required for the designed maximum
capacity. If the canal became blocked and there was no spillway, the water level would rise. The
bottom of the spillway should be at the same elevation as the normal maximum flow level since,
normally, no water should pass down the spillway. But if the water level in the canal rises abnor-
mally, the spillway starts to function and water passes that way. Therefore, the spillway should be
designed in such a way that it will allow the flow volume of the canal to pass along it while, at most,
the level of the canal rises to fully utilize the freeboard. Therefore, the height of the weir spillway
will be the same as the designed freeboard (safety margin) of the canal.

If, in our example, the canal freeboard has been designed to be 0.4 m, the crest length can be
calculated using the formula L = Q/(C  x H3/2):
Canal freeboard, H = 0.4 m
Maximum canal capacity, Q = 3.7 m3/s

Therefore the crest length of the spillway, L, can be calculated using the formula:
L = Q/(C x H3/2 ) = 3.7/(1.6 x 0.43/2 ) = 9.14 m
Thus, the crest length of the spillway must be about 10 m.

Side wall

Wing wall

Weir (head �
wall)

Apron Figure 16.14 Three-dimensional
view of a spillway structure
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Side wall/wing wall
Side walls and wing walls are retaining walls constructed between the soil embankments and
the weir. Normally they are no more than 0.5�0.75 m thick. These walls protect the canal
embankment from being eaten away by the water when it passes over the weir, and also act
as a retaining wall for the embankment.

Apron
An apron is used to dissipate the energy of falling water. It can be constructed of concrete or
masonry. In a well-managed system, spillways seldom need to be in operation. Therefore an
apron can also be constructed of stone riprap with grass grown in between.

Head wall extension
A head wall extension prevents piping occurring between the soil embankment and the wing
wall. It is made about 1�3 m wide and 0.5 m or less thick as an extension of the head wall into
the embankment on both sides.

16.13 FIELD LAYOUT
In order to make it easier to control the flow of water onto the fields, a spate-irrigated farm is
usually divided into different parts. Depending on the size of the farm, the division can be
zones, sub-zones or just a number of fields. In this sense, a field is a unit of land that is
irrigated at one go.

Farm sizes and layout should be determined based on:
• The topography of the irrigable area
• The size of the flow to be diverted
• The farmer�s experience and economic situation.

In addition, where possible, two sides of a field should follow the contour of the irrigable
area.

Personal judgement will be required to determine the above factors because there are no
general rules as to how spate-irrigated fields should be laid out. However, the following gen-
eral recommendation and observations can be made:

• Individual field size may be between 0.25 and 10 ha. Depending on the size of the flow
and the flatness of the topography, larger fields can be established.

• The larger the field, the easier it is to control the flow.
• The larger the field, the fewer flow-control structures are needed.

In fields that are not level, and where embankments are manually constructed, the differ-
ence in elevation between the lowest and highest parts of the field should not be more than
0.75�1.0 m. If it is more than that, a larger embankment will be required, which is difficult to
construct using human labour. Initially, the water depth on such fields will vary, of course,
but more sediment will be deposited in the lower portion and in time the fields will become
level.

Embankments or bunds
Field embankments or bunds are earth structures scooped up along the sides of a field so that
the field can be flooded to a planned level.

Bunds are usually constructed with ox-drawn scoops. The soil adjacent to the bunds is first
ploughed to make it loose. Then the loose soil is dragged to construct the embankment. Be-
cause a small quantity of soil is dragged at a time, the fill is well compacted by repeated
trampling by the oxen; thus field embankments constructed in this way are usually durable.

Sometimes field embankments are constructed using only manual labour, or with the help
of a tractor or other heavy machinery. Such embankments must be compacted very carefully.
Embankments that are more than 1 m high should be constructed by moistening the soil and
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An embankment facing the river. Note the amount of silt
accumulated

Newly rehabilitated embankment for spate irrigation

Figure 16.15 Cross-section of a field embankment

First ratoon crop of sorghum on spate-irrigated farm

Min. 0.5 m

Not steeper�
than 1:2

Not steeper�
than 1:2

Min. 0.5 m

Crop ridges in silt deposited on a spate-irrigated farm

compacting it in layers 20�30 cm at a time.
Field embankments should have a side slope not steeper than 1V:2H, and should be pro-

vided with a crest width of not less than 0.5 m, as shown in Figure 16.15. Planting them with
cover grasses like Bermuda grass is a good reinforcement.

Fine sediments suspended in the flood water will be deposited in the fields. This successive
deposition of silt eventually raises the level of the fields. This in turn reduces the relative
height of the embankment, so that if the embankment is not periodically raised again it will
not fulfil its intended function. The height of field embankments should never be less than 0.5
m. This means that every two or three seasons the embankment must be raised by addition of
soil.



17: SURVEYING

189

Chapter 17

Surveying for soil and water conservation

This chapter deals with survey techniques that are basic to soil and water conservation plan-
ning and the layout of soil conservation structures. It provides guidance on measuring dis-
tances, finding differences in height, making and using maps and plans and laying out
conservation structures such as canals, cut-off drains and terraces. It also gives some guid-
ance on a range of equipment used in simple surveying.

17.1 COMMON TERMS USED IN SURVEYING
The following terms are commonly used when surveying for conservation purposes.

Horizontal interval (HI) is the horizontal distance between two points on a slope. This is
the distance that should be used in making maps and not the distance on the surface of the
ground. However, where slopes are not steep, the difference between the distance measured on
the ground surface and the horizontal distance is so small that it can often be ignored except
where very accurate maps or plans are required (see Figure 17.1).

Vertical interval (VI) is the difference in height (elevation) between two points on a slope.

Slope steepness can be expressed in four different ways, as follows:
1. Angle in degrees. This is the angle that the slope makes with the horizontal (see Figure
17.1). This method of measurement is commonly used by geologists and geomorphologists
who are interested in describing land ranging from flat to nearly vertical.
2. Percentage slope. This is vertical interval (VI) between two points divided by the horizon-
tal interval (HI) expressed as a percentage:

% slope = 100 (VI/HI).

Note that VI/HI is the tangent of the angle and the percentage slope is simply the tangent
multiplied by 100. If VI = HI, the angle is 45º and the slope is 100%. As the slope approaches
vertical, the percentage slope approaches infinity, but the agriculturalist deals mainly with
slopes up to 55% (29º) as steeper slopes than that should not be cultivated. A slope of 16% (9º)
is about the limit for tractors cultivating on the contour.

Percentage slope is a measurement commonly used by agriculturalists and land-use plan-
ners. It has the advantage that it can easily be determined with simple equipment such as a
line level, and that slope can usually be expressed in whole numbers. It is also more practical
than recording measurements in degrees when marking out graded channels with levelling
equipment.

Note that at 35º the percentage slope is equal to exactly twice the angle in degrees, i.e.
70%. Above 35º it is equal to more than twice the angle, and below 35º it is equal to less than
twice the angle. As a very rough approximation for general purposes, percentage slope is
about twice the angle in degrees.
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Figure 17.1 Slope and distance measurements
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FAO divides land into the following classes according to slope:
• 0�8% level to gently undulating
• 8�30% rolling to hilly
• > 30% steeply dissected to mountainous.

3. Ratio. This is the ratio of the vertical interval to the horizontal interval and is shown
simply as 1:5, 1:10, 1:20, etc. Note that the vertical is always 1. The ratio method is used on
road signs where there are steep hills. Conservationists use it to describe the slope of channel
sides or terrace embankments.

4. Metres per metre. This is the vertical interval divided by the horizontal interval. This
method is used by irrigation engineers when designing and laying out canals with very slight
gradients. For example, a canal gradient of 0.4% can be shown as 0.004 m/m.

Contour. A line joining points of the same elevation either on the ground or on a map.

Levelling. The process of measuring differences in elevation between various points. The
term �profile levelling� is used when measurements are made at fixed distances, e.g. down a
slope or along a road.

17.2 SURVEY INSTRUMENTS AND THEIR USE
There is a range of equipment from the simple and cheap to the complicated and expensive.
For most conservation work, simple equipment will do, though more expensive equipment is
faster and more accurate if properly used. This section describes the simple equipment that is
commonly available and explains how to use it. People using survey equipment for the first
time should ask someone who is experienced to give a demonstration. Any points that are not
clear from the following text should become clear after a demonstration.
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Chains and tapes
Chains (Figure 17.2) are made with steel wire and have links that are 20 cm long. They have
an advantage over tapes because they are stronger and can be used in rough country without
the risk of breakage. A metric chain is normally 30 m in length with handles at both ends.
The links are 20 cm long and there is a tag in the middle and at 5 and 10 m from each end.

Tapes come in many forms. The most accurate are the metal tapes but they must be
handled with care to avoid twisting and breakage. The surveyor�s band is a strong metal tape,
which may be up to 100 m in length and is carried on a four-arm frame winder. Tapes made
from cotton or plastic are liable to stretch and become inaccurate. They are also easily broken,
but those that are reinforced with wires are more reliable.

Line level
The line level (Figure 17.3) employs the same principles as the most modern levels but is
cheap to make and convenient for farmers who wish to carry out their own levelling. Its use
can be learned quickly and requires no special education. In many places it has been used
more widely than any other piece of equipment for laying out conservation structures.

The line level consists of two levelling sticks 10 m apart and connected by a string on
which is suspended a small spirit level, as shown in Figure 17.3. The two sticks are identical
and measure 1.5 m. They have a triangular base to prevent them from sinking into the
ground when in use. The sticks have 12 graduations at 10 cm intervals with a �0� mark at 1.4
m from the base. The string is made from cotton rather than nylon as it should not stretch. It
is about 10.5 m long to allow an effective length of 10 m after the ends are tied to the sticks.

When using the line level to mark out a contour line, the string is tied at the �0� mark on
each stick. One stick is held at the starting point while the second is moved up or down the
slope until the air bubble is in the centre of the spirit level. The sticks are now at the same
level and pegs put in at each point will be on the contour. (The accuracy of the spirit level can
be checked by taking it off the line when the bubble is in the centre, turning it through 180º
and putting it back. If the bubble is not still in the centre the level should be repaired or
replaced.)

Figure 17.2 Chain made with steel wire

20 cm
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A team using a line level Surveying for irrigation development

Figure 17.3 Line level
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The line level can be used to measure percentage slope, to measure vertical intervals and
to mark out cut-off drains, retention ditches and terraces. Its merits are that it is not expen-
sive, it is easily made and it is easy to assemble and use in the field. However, it is not as
accurate or as quick as a flexible-tube water level or a telescopic level for laying out struc-
tures.

Clinometer
The clinometer (Figure 17.4) is a hand-held instrument used for quick determination of per-
centage slope. It can also be used to give an approximate measure of vertical interval and
gradient for laying out conservation structures. There are various types of clinometer. The
pocket ones are read while holding the instrument to one eye (and keeping both eyes open).
There are usually two scales, one in percentage slope and the other in degrees. A simple
clinometer can be made with a protractor and a ruler (see Figure 17.4).



17: SURVEYING

193

Flexible-tube water level
A flexible-tube water level is a very simple and accurate instrument used to measure differ-
ence of elevation between two or more points. It is used to establish contour lines, canal
elevation and other soil and water conservation work. Because of its simplicity and accuracy
it is commonly used in various civil and other engi-
neering works.

A flexible-tube water level consists of two 2-m
long staffs and a transparent flexible tube. The staffs
can be made from bamboo, wood or plastic, or from
metal pipes or other locally available material. The
tube can be of any length and its two ends are firmly
fixed to the staffs, as shown in Figure 17.5.

During measurement, to prevent the tube from
damage by over-stretching, a rope is fixed to the
staffs.

The tube is filled with coloured or muddy water
until the water level in the staffs is 1�1.5 m high.
Trapped air bubbles are removed by tapping the tube.
Whenever the two staffs are set at points of the same
elevation, the water levels in the two ends of the
tube will be at the same height, as shown in Figure
17.6.
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Figure 17.4 Clinometers for slope measurement

Figure 17.5 A flexible-tube water level
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Figure 17.6 Setting out points of the
same elevation

Magnetic compass
A compass is an instrument for measuring directions and angles in relation to the magnetic
north. The pocket compass is held in the hand. While keeping both eyes open, one eye sights
the compass on the object of interest and reads the bearing (angle) from north. Bearings are
recorded in degrees and there are 360º in a whole circle. North is 0º or 360º, east is 90º, south
is 180º and west is 270º. Most modern compasses have the circle divided into 400 units instead
of 360º. For these compasses, north, east, south and west are 0 or 400, 100, 200 and 300 units,
respectively. The compass is useful for quick surveys where boundaries are straight. Note
that compass readings can be distorted if the compass is held close to metal objects, power
lines, etc. To ensure that there are no errors, the forward bearing along a line is compared
with the backward bearing along the same line. They should differ by 180º. Any persistent
discrepancy would indicate interference.

Telescopic level
The telescopic level (Figure 17.7) is used for measuring differences in height (differential
survey), surveying the profile of a field or road (profile survey), laying out conservation struc-
tures, irrigation schemes, building sites, etc. It can also be used for making measurements of
distances and determining slope. It is much more accurate than the instruments already
mentioned but is expensive and the user requires training and experience to become profi-
cient.

There are many kinds of telescopic level�e.g. the dumpy level, the quickset (or tilting
level) the automatic level, and other instruments which use laser beams. The automatic level
is rather more expensive but simpler to operate as it levels itself internally so that the line of
sight is always horizontal.

As the telescopic level is designed for sighting along a horizontal line it is not as easy to use
on steep slopes as a theodolite, which can take readings while viewing up or down the slope at
an angle to the horizontal. However, the latter is even more expensive and beyond the scope of
this manual, as are other modern surveying instruments using laser beams, etc.

The telescopic level is fixed on a tripod whose legs must be extended (so that the instru-
ment can be read without bending) and pressed firmly into the ground. The plate on which the
instrument is fixed should be roughly level, and once the instrument is attached it must be
levelled precisely by means of the screw(s). With the instrument level, readings can be taken
on a staff which is graduated in metres and centimetres. Some instruments give an inverted
image, but the user quickly becomes familiar with reading upside down. To make a reading it
is essential that the hair lines are very distinct (achieved by adjusting the eye piece), and that
the markings on the staff are very sharp, for which the instrument must be properly focused.
Both eyes should be kept open when viewing the staff.

Before taking any reading, make sure that the bubble is in the centre of the spirit level and
adjust the levelling screw(s) if necessary. The staff can be read either to 4 m or 5 m by
extending it. It must always be held vertical and steady. Reading below 0.25 m is not advis-
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able because there may be distortion due to
heat rising from the ground. Also, vegeta-
tion is liable to obscure the view. When sur-
veying on rough ground or ploughed land,
readings to the nearest centimetre are ac-
curate enough for most purposes. The tel-
escopic level can also be used to mark out
angles and is useful for laying out the rec-
tangular shapes needed for building foun-
dations and for marking grid squares for
contour surveys.

17.3 MEASUREMENT OF
DISTANCE AND AREA

Distance measurement
This section explains how to make meas-
urements of distance on the ground and from
maps and plans.

The scale of a map or plan is the ratio of
the distance on the map to the distance on the
ground. Thus a scale of 1:10,000 means that 1 unit
on the map represents 10,000 units on the ground. It is not necessary to show whether the
units are in metres or kilometres provided they are the same, but if different units are used
the above scale could be shown as, for example, 1 cm = 100 m. It is also common to show a
scale as a bar line drawn on the map.

Note that a large-scale map (e.g. 1:1,000) is one that covers a small area of land, whereas
a small-scale map (e.g. 1:100,000) is one that covers a large area of land.

Measuring distance on the ground
Chaining
Chains or steel tapes are commonly used in field survey. The procedure for measuring dis-
tance will depend on whether the terrain is flat or sloping and the accuracy required.

For measuring several hundred metres along a straight line on flat terrain it is advisable
to have chaining arrows (wire pegs) or sharp stakes. The leader at the front end puts in the
arrows each time the chain is extended and the follower, at the rear end, picks them up
(Figure 17.8). The number of arrows in the follower�s hand indicates the number of chain
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Figure 17.7 Telescopic level and

staff
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Measuring distance with survey chain
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ground to measure �
horizontal distance
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to measure area on map
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Number of dots within boundary = 39�
Spacing of dots = 4 mm�
4 mm on map = 4 x 20 m on ground�
One dot = 80 x 80 m2 on ground�
= 6.400 m2 = 0.64 ha�
Area of land = 39 x 0.64 = 25 ha

�

lengths covered. This is one way to avoid mistakes. A ranging rod (a 2- or 3-m pointed pole
with red and white bands) should be placed at either end of the line to be measured. A third
rod may be carried by the leader so that the follower can use it for sighting and ensure that
the line being measured is kept straight.

For measuring horizontal distances down a slope, a process known as step chaining is
used. This is done by stretching the chain (or tape) horizontally and using a plumb line or
ranging rod to find the point on the ground that is vertically below the end of the chain.

Pacing
Pacing is obviously not as ac-
curate as using a chain, but it
can be useful on flat ground for
a quick survey. If pacing a cer-
tain distance is compared with

chaining the same distance, a correction factor can be found
and used to adjust the measurements made from pacing.

Example
If a line measures 300 m with a chain and 316 normal paces, the distance found by pacing
should be multiplied by the correction factor 300/316 = 0.95 to convert to metres.

Use of telescopic levels for measuring distance
Different telescopic levels and laser instruments can also be used to measure distances up to
about 1,500 m. When viewing the staff through the instrument, three hair lines can be seen,
a centre line and shorter lines above and below the centre line. These short lines are known as

Figure 17.8 Measuring distance on the ground and area
on the map
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stadia lines (Figure 17.7). A staff reading should be taken on the upper and lower stadia lines.
The level is designed so that the distance of the staff from the instrument is equal to the
difference between the two stadia readings multiplied by 100.

Measuring distance using a map
The procedure for obtaining the distance between two points on a map is to mark off the
distance with a pair of dividers or a straight-edged piece of paper and then use the bar scale to
find the distance on the ground. Alternatively, the distance found on the map is just multi-
plied by the scale of the map.

Example
The distance between two points on a 1:2,500 scale map is found to be 18.6 cm. Then the actual
distance betwee the two points on the ground is equal to 18.6 x 2,500 = 46,500 cm = 465 metres.

If the line to be measured is irregular, such as a river, road or boundary, it can be followed
with a thread or string, which can then be measured.

Area measurement
This section explains how to calculate the area of a piece of land that has been surveyed and
mapped. (The survey methods are described in section 17.7.)

If the area to be measured is enclosed by straight lines (that is, it is rectilinear) the area
can be measured by dividing it into rectangles or triangles and adding the area of each compo-
nent. (The area of a triangle is half the base multiplied by the height.)

If the area to be measured has irregular boundaries, it can be measured in one of the
following ways.

Counting squares or dots
Tracing paper on which squares or dots have been marked is placed over the drawing whose
area is to be determined. The number of squares or dots enclosed in the drawing are counted.
Dots have the advantage that they are generally either in or out of the area to be measured,
but if they are on the line they can be counted as in Figure 17.8.

Example
Suppose dots are marked on the tracing paper at 5 mm spacing, the scale of the map is
1:50,000 and 40 dots are counted within the area. Then 5 mm on the map is equivalent to 5 ×
50,000 mm on the ground = 250 m. Therefore, each dot represents an area of 250 × 250 =
62,500 m2 or 6.25 ha. If there were 40 dots they would represent an area of 40 × 6.25 = 250 ha
(see  Figure 17.8).

�Give and take� lines
The total area is divided into geometric figures such as triangles or trapezoids. The irregular
boundaries are replaced by straight lines using the �give and take� rule, which means that the
straight lines are arranged so that any small areas excluded from the survey by the straight
line are balanced by other small areas outside the survey that are included. The areas of the
triangles or trapezoids are summed up to give the total area of the survey.

Planimeter
This is a small instrument that can be used to measure area on maps. However, it is delicate,
costly and not widely available. Its use is best learned in a practical demonstration.

17.4 MEASUREMENT OF SLOPE
This can be done with a line level, flexible-tube water level, clinometer or telescopic level.
When determining the slope of the land, measurements should always be taken at right
angles to the contour, i.e. straight up and down the slope.
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Measuring slope with a line level
The line level is set such that stick A is held on the upper side and stick B, 10 m away, on the
lower side (Figure 17.3). The string is tied at the �0� mark near the top of stick B and held
against stick A. The spirit level is hooked in the middle. The string is now moved up or down
stick A, while keeping it tight, until the bubble in the spirit level is in the centre. The differ-
ence in elevation is the difference in height between the reading on stick A where the string is
held at the �0� mark.

Example
If the sticks are 10 m apart and the difference in elevation is 80 cm, the slope is 100 (0.8/10) =
8%. On steeper land the string may have to be shortened and the sticks placed 5 m apart. With
the same difference of 80 cm the slope would then be 100 (0.8/5) = 16%.

Measuring slope with a flexible-tube water level
The difference in elevation between two points can be measured accurately using the flexible-
tube water level. The slope is then calculated by dividing the difference in elevation by the
distance between the two points, just as when a line level is used.

The procedure is as follows:
• Graduate two staffs in centimetres and let the zero point coincide with the foot of the

staff, as shown in Figure 17.9a.
• Fill the flexible tube with coloured water up to approximately the 1.0 m mark.
• Set the two graduated staffs on the two points, A and B, whose elevation difference is to

be measured.
• When the water level comes to

rest, a reading is made on both
staffs, as shown in Figure
17.9b.

• The difference in elevation
between A and B equals:
Reading on staff A � Reading on
staff B.
For example: H = 0.50 m �
1.30 m = �0.80 m. (In this
example the tube was only filled
up to the 90 cm mark before
measuring.)

If the result is negative, it
means that point B is at a lower
elevation than point A. If the
difference in elevation is required
for two points which are farther
apart than the length of the
flexible tube, it can be calculated
by taking a series of readings.

Example
Suppose the difference in eleva-
tion and the general slope between
points A and E (between three and
four times the length of the flexible tube)
is required, the following procedure is
used:

Intermediate pegs are placed at inter-
vals between points A and E, as shown in
Figure 17.10.

Figure 17.9 Graduation of the staff and
determination of the difference in
elevation between two points
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1. One staff is set at A and is called the back staff. The lead staff is set at B and is called front
staff. A reading is made on both staffs and is recorded:

Between pegs Back reading Front reading Difference in elevation
A and B 0.65 m 1.35 m �0.70 m

The difference in elevation between A and B is negative (�0.70) because B is lower than A.

2. Both staffs are moved to points B and C. Point B is now a back staff and point C is a front staff.
Readings are made and recorded in the same manner. The procedure is repeated until point
E has been reached and the last reading is taken and recorded.
The difference in elevation between points A and E is then calculated, as shown in the exam-
ple below.

Pegs Back reading (m) Front reading (m) Difference in elevation (m)
A and B 0.65 1.35 �0.70
B and C 0.43 1.61 �1.18
C and D 1.02 0.40 +0.62
D and E 0.45 1.22 �0.77
Total 2.55 4.58 �2.03
(Note that the sum of the readings may vary depending on whether you add or spill some water in the
tube. The instrument does not depend on a fixed amount of water but will give accurate measurements
as long as you can see a water level in the tubes on both staffs.)

The difference in elevation between points A and E is then calculated in one of the following
ways:

Difference in elevation = sum of back readings � sum of front readings = 2.55 � 4.58 =  �2.03 m
or

Difference in elevation = sum of difference in elevation of each reading = �0.07 � 1.18 + 0.62
� 0.77 = �2.03 m.
A negative difference between the readings for A and B indicates that the survey line is going

down. If the total difference A�E is negative, then E is at lower elevation than A.
Finally, the slope in percent can be calculated by dividing the vertical difference by the hori-

zontal distance between A and E.

Measuring slope with a clinometer
The user finds out where the height of his or her eye reaches on another person or on a staff or
stick. For example, the surveyor�s eye may be level with the other person�s forehead, eye or
chin. The clinometer is aimed at this point on the other person�s face or on a staff or stick with
the eye height clearly marked. When the cross-hair of the instrument is aligned with this
mark, the reading is taken either in degrees or percentage slope (Figure 17.4).
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Figure 17.10 Determination of difference in elevation between a number of
points
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Measuring slope with a telescopic level
To find the percentage slope between two points B and C, the instrument is placed at a conven-
ient point, A, upslope, and readings taken on the staff at B and again at C. The difference in
readings gives the difference in height. The distance between B and C must be measured with
a chain, or using stadia lines, and the slope can then be found (see Figure 17.7).

17.5 TELESCOPIC LEVELLING
The way that telescopic levelling is carried out can be explained using an example.

Example
Suppose that it is necessary to measure the elevation of the ground at intervals (A�F) along the
route where a pipeline is to be laid. There are obstructions (trees, buildings, etc.) which make it
impossible to see everything from one position of the instrument.

The staff is placed at A and the level set up nearby. The reading on the staff at A is known as
a backsight (BS), and for the purpose of the survey the ground at A is referred to as a benchmark
and given an arbitrary height of 100.00 m. A should be a permanent feature such as a mark on a
rock or a concrete beacon that will not be moved. Readings are then taken at two positions, B and
C, the latter reading being a foresight (FS). Supposing it is not possible to see beyond C, it will be
necessary to move the instrument to a new position. While the instrument is being moved, the
staff must be kept in exactly the same place but rotated so that it can be read a second time from
the new position of the instrument. The staff position C is referred to as the turn point. The new
reading taken at C is again referred to as a backsight because it is a reading at a point whose
elevation has already been determined. The staff readings are now taken at stations D and E
before the final foresight reading is taken at F. Every time the instrument is moved the staff must
be kept stationary. The readings at B, D and E are referred to as intersights (IS) because they
come between backsights and foresights (see Figure 17.11).

The data can be tabulated as shown in the table below, and calculation of the height of the
ground at each point, with reference to the benchmark, can be determined by one of two meth-
ods�rise-and-fall method or height-of-instrument method. The latter is sometimes called the
height-of-collimation method. The difference in height between A and F is the difference between
the last reduced level and the first reduced level (RL). The method of tabulating data is explained
below.

Rise-and-fall method of recording
For each station it is necessary to calculate by how much the ground rises or falls. This can be

Level

Marking out a graded terrace at 0.5% slope—example of staff readings

Surveying to find the difference in height between A and F

1.40

10 m 10 m

A
B

C
D

E
F

10 m

1.45

Turn point

1.50 m 1.55 m

Line of collimation

Figure 17.11 Telescopic levelling
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seen from the staff readings, but remember, if the staff reading increases it means that there is
a fall in the ground, and vice versa. If there is a rise, it is added to the ground height (reduced
level) of the previous station to find the new ground height. Similarly, if there is a fall it is sub-
tracted.

When all the calculations have been completed it is essential to carry out a check for errors.
This is done by finding the sum of each column, i.e. foresight, backsight, rise and fall and then
checking to confirm that:

sum of backsights�sum of foresights = sum of rises�sum of falls = last reduced level�first
reduced level

If the check indicates an error, it must be found and corrected. Note, however, that the errors
detected this way are only errors of arithmetic or of placing a figure in the wrong column. The
check will not show if errors were made in reading the staff or setting up the instrument, though
they can be equally serious. To check for the latter it is a good practice to continue the survey back
to the starting point. The final reduced level determined for the benchmark should be close to
100.00 m.  A survey that goes back to the starting point is known as a closed traverse.

Data tabulation by rise-and-fall method

Staff Backsight Intersight Foresight Rise Fall Reduced Notes
station (m) (m) (m) (m) (m)  level (m)
A 1.80 100.00 Benchmark
B 2.60  0.80 99.20
C 3.00 3.20  0.60 98.60 Turn point
D 2.50 0.50 99.10
E 1.80 0.70 99.80
F 0.90 0.90 100.70
Total 4.80 4.10 2.10 1.40

Check: sum of BS�sum of FS = 4.80�4.10 = 0.70; last RL�first RL = 0.70

Height-of-instrument (collimation) method of recording
This is a similar procedure but the staff readings are all deducted from the height of an imaginary
horizontal line (the line of collimation) through the centre of the instrument. The height of this line
is always the reduced level (ground height) of the benchmark plus the staff reading at that point.
The table below shows how the data are tabulated. To check for errors it is necessary to show that:

sum of backsights�sum of foresights = last reduced level�first reduced level

Remember, when tabulating data, that apart from the first backsight and the last foresight, a
backsight should always appear on the same line as the foresight because they were taken at the
same staff station on the ground though from different positions of the instrument.

Note that both methods of recording give the same results. The height-of-instrument method
usually takes a little longer to grasp but once understood it will be found to be slightly quicker and
less liable to arithmetical errors because it requires fewer calculations.

Levelling data tabulation by height of instrument (collimation) method

Staff Backsight Intersight Foresight Height of Reduced level Notes
station (m) (m) (m) instrument (m)

(m)
A 1.80 101.80 100.00 Benchmark
B 2.60  99.20
C 3.00 3.20 101.60  98.60 Turn point
D 2.50  99.10
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E 1.80  99.80
F 0.90 100.70
Total 4.80 4.10

Check: sum of BS�sum of FS = 4.80�4.10 = 0.70; last RL�first RL = 0.70

17.6 LAYOUT OF CONSERVATION MEASURES
The siting of conservation measures such as cut-off drains, retention ditches or terraces should
be carefully planned, as explained in Chapter 5. With graded structures it is important to
check that run-off is discharged safely, and it is common to start the survey from the dis-
charge end. With level structures surveying can be done from either end.

Where there are to be terraces, the spacing (VI) should be calculated beforehand and marked
out on the ground, as explained below. When first surveyed, the alignment of a structure may
coincide with obstacles such as trees or anthills, in which case a new alignment should be
surveyed. Once pegs have been placed, the alignment should be marked with a furrow so that
if the pegs are taken away before construction the survey does not have to be repeated.

Layout with a line level

Layout of level terraces and retention ditches
The string is tied to each levelling stick at the top �0� mark, so that when it is stretched they
are exactly 10 m apart. The small spirit level is suspended midway between the sticks. The
first stick, A, is placed at the starting point which is marked by a peg. Stick B is held 10 m
away and moved up or down the slope until the bubble in the spirit level settles at the centre.
A second peg is fixed at this point. Stick A is now moved to this position and stick B is moved
10 m further along the contour to a point that is level with A and a third peg is fixed. This
continues until the whole length is set out (Figure 17.3).

Layout of graded terraces and cut-off drains
The first step is to determine the gradient to be used, e.g. 0.5%. This means a fall of 5 cm for
every 10 m. Stick A with the string tied at the �0� mark is held at the outlet of the drain or
terrace. Stick B has the string tied at the 5 cm mark. When the string is stretched and level,
B is at a point on the ground 5 cm higher than A. If the string is 10 m, the gradient will be
0.5%. Stick B is moved up or down the slope until the bubble settles in the centre of the spirit
level and a peg is installed. Stick A is moved to this peg, while stick B is moved 10 m in the
direction of the inlet to the terrace (or cut-off drain) and the procedure repeated. This is
continued until the entire length is set out. The reason for starting at the outlet is to be sure
that the place where water is discharged is safe for that purpose, but if preferred the levelling
can start from the inlet end.

Measuring vertical intervals
The line level can be used as a measuring device to measure vertical differences up to 1.2 m.
This means that if the difference in height (VI) is greater, e.g. 1.8 m, it must be measured in
two stages of 1.0 m and 0.8 m, or any other combination that gives 1.8 m.

Layout with a flexible-tube water level
The flexible-tube water level is the easiest instrument to use for laying out level or graded
lines. It is a useful and accurate instrument and quick to use.

Laying out level terraces or retention ditches
The flexible-tube water level is often used for setting out conservation structures along the
contour. The following procedures are followed when setting out contour lines:
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• The two staffs are set very close to each other at a level place. Any air bubbles in the
flexible tube are removed and the water is allowed to come to a rest. Then marks are
made on both staffs, indicating the water level, as show in Figure 17.5.

• The lead man takes one staff and drags the tube in the required direction. He moves
slowly up and down the slope until the water level in the tube coincides with the mark in
the staff (see Figure 17.6). The staff is then at the same level as the starting point.

• The procedure is then repeated until the whole contour line is marked. Whenever the
staffs are moved, to avoid water in the tube from spilling, each end of the tube is closed
with a finger.

Laying out graded terraces or cut-off drains with a flexible-tube water level
• The slope of the terraces or cut-off drains is determined first. Say 12 cm fall in every 10

metres is required (i.e. equal to 12 cm/10 m x 100 = 12/1,000 x 100 = 1.2% slope.)
• A 10-m long string (if measurements are to be taken every 10 m) is attached between the

two staffs so that time is not spent measuring this distance every time the instrument is
moved.

• The two staffs are set very close to each other keeping one of the staffs 12 cm higher than
the other staff, as shown in Figure 17.12. The water is allowed to come to a rest. Then
marks are made on both staffs indicating the water level.

• The lead man takes staff B and drags the tube in the required direction until the at-
tached string is fully stretched. He moves slowly up and down the slope until the water
level in the tube coincides with the mark on the staff. The lead staff, B, is then 12 cm
lower then the other staff, A. Since the distance in this case is 10 m, the slope is 1.2%. In
this example, surveying started at the highest point, but it can, of course, be done the
other way too, as in the example with the line level above.

Layout with a clinometer
The clinometer is not the easiest instrument to use for laying out level or graded lines because
of the difficulty of holding it steady, but it can be useful where speed is essential and no other
equipment is available.

Laying out level terraces or retention ditches
A ranging rod or stick is needed with a mark (e.g. tape) on it that is at the same height above
the ground as the eye of the person using the clinometer. A peg is placed at the starting point.
The person with the rod moves about 10 m along the contour away from the peg and then up
or down the slope until the viewer at the first peg sees that the mark on the stick coincides
with the 0º or 0% clinometer reading. A second peg is placed at this point and the procedure

Tube�
with�

water

�
Water�
level

Empty�
tube

(a) (b)

Figure 17.12 Adjustment of a flexible-tube water level for (a) level, and (b) graded layout
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repeated. For most purposes pacing the 10 m between the pegs will be sufficiently accurate
and will be quicker than using a chain or tape.

Laying out graded terraces or cut-off drains
An appropriate gradient is selected, e.g. 0.5%. The user stands at the discharge point with the
clinometer and the companion with the rod or stick moves 10 m away in the general direction
of the proposed drain. The companion moves the stick up or down the slope until the 0.5%
mark in the instrument is aligned with the eye-height mark on the ranging rod or stick.

Alternatively, a 5-cm mark can be placed below (or above) the eye-height mark on the rod
or stick. This time the companion will move up or down the slope until the zero mark on the
instrument is aligned to the 5 cm mark on the stick. The user now moves to where the
companion was and the stick is moved 10 m away. The procedure is repeated until the whole
length is laid out. If the mark is 5 cm below eye height, the line of pegs will slope upwards; if
it is 5 cm above eye height the line of pegs will slope downwards.

Layout with a telescopic level

Layout of level terraces or retention ditches
The same height reading on the staff is maintained. If, for example, the first reading taken is
1.5 m, all the other subsequent readings must be 1.5 m. After each 10 m the staff is moved up
or down until the cross-hair is aligned with 1.5 m. It is assumed here that the position of the
instrument does not change. If it has to be moved, a foresight reading must be taken before
moving and a backsight reading to the same point will give the new reading for subsequent
positions of the staff.

Layout of graded terraces and cut-off drains
First the gradient to be used is selected. To lay out a terrace or a drain with a gradient of 0.5%
means that for every 10 m there will be a change of 5 cm in the reading taken on the staff. The
exercise begins by taking the first reading on the staff held at the starting point. Readings are
taken for the other points at intervals of 10 m up to the end of the proposed terrace or drain.
If surveying starts from the outlet end, the staff reading at each point should be 5 cm less
than the preceding one. If it starts from the upper end, each staff reading should be 5 cm more
than before.

Layout of a ditch in a straight line over uneven ground
The procedures explained are appropriate where the line of pegs is on the contour or slightly
sloping. A cut-off drain in such a situation can be made of uniform depth but will have bends
if the ground is uneven. There may be some situations where a straight ditch is required, e.g.
along a farm boundary. To maintain a constant gradient, the depth of the ditch will vary, and
it is useful to find out how deep it should be at each point. The procedure is to carry out a
profile survey at, say, 5, 10 or 20 m intervals, find the reduced level at each point and calcu-
late the depth of digging required assuming a minimum depth and a uniform gradient. Table
17.1 gives an example of survey data for a straight cut-off ditch with a gradient of 0.5% and a
minimum depth of 0.4 m.

Table 17.1 Profile survey of uneven ground for a straight cut-off drain

Peg Distance BS (m) IS (m) FS (m) HI (m) RL  ground RL ditch Depth to dig
(m) (m) (m) (cm)

A 00 1.50 101.50 100.00 99.40 60
B 20 1.80 99.70 99.30 40
C 40 1.75 99.75 99.20 55
D 60 1.70 99.80 99.10 70
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E 80 2.00 99.50 99.00 50
F 100 2.07 99.43 98.90 53
G 120 2.03 99.47 98.80 67
H 140 2.00 99.50 98.70 80
I 160 2.30 99.20 98.60 60
J 180 2.60 98.90 98.50 40
K 200 2.60 98.90 98.40 50
Note: The level of the bottom of the cut-off at point A was pre-determined to be 99.40 m. Then, for every 20 m
the elevation of the cut-off will be 10 cm lower to allow for the 0.5% gradient. At point B, the ground is 30 cm
lower than at point A, while the cut-off should be 10 cm lower than at point A, thus the digging depth must be
decreased from 60 cm at point A to 40 cm at point B. At point C the ground is 5 cm higher than at B, while the
ditch should be another 10 cm lower; thus the digging depth increased again by 5 +10 cm to 55 cm. At point D,
the ground is another 5 cm higher and the cut-off another 10 cm lower; thus the digging depth increased by a
further 5 + 10 cm to 70 cm. At point E, the ground is again 30 cm lower than at D and the cut-off again 10 cm
lower; thus here the digging depth decreased by �30 + 10 cm = 20 cm to 50 cm.

The total amount of digging could be reduced if the elevation of the whole structure was increased by, for
example, 10 cm, but in that case the embankment would have to be raised at points B and J to maintain the
prescribed depth of 40 cm there.

Measuring vertical intervals with a telescopic level
The instrument is stationed at some convenient location. Assume a VI of 1.8 m is to be
marked out. The staff is placed at the starting point, A, and a reading taken, say 0.7 m. To
this is added the calculated VI of 1.8 m so the new reading should be 2.5 m. With the instru-
ment in the same position, the staff is moved down the slope until the cross-hair in the
telescope is aligned with 2.5 m on the staff. This point B is marked with a peg. The VI so
measured is 1.8 m.

17.7 MAPS AND PLANS
The maps that are most commonly used are topographic maps and cadastral maps. The
following are the major characteristics.

Topographic maps
These maps show contours and elevations above sea level as well as rivers, roads, forests and
other important features such as towns. They are most important for soil and water conserva-
tion, especially where catchment planning is carried out. Topographic maps can be drawn at
many different scales.

Cadastral maps
These maps show the boundaries of properties and important features such as rivers and
roads of access. They are essential in areas where land adjudication is to be done. The scale is
usually 1:2,500. These maps are useful for adding property boundaries to topographic maps,
as for example when making catchment conservation plans.

Mapping methods
Maps can be made using a chain or a tape, a compass, a theodolite, etc. Only the first two
methods will be described. For details of other survey techniques the reader should refer to
surveying textbooks because the other surveying instruments require special training that is
beyond the scope of this manual.

Map making by chain survey
The procedure starts with marking out a base line, usually through the centre of the area to
be surveyed. Large triangles are marked out with pegs at the corners to fill as much of the
space as possible on either side of the base line. The sides of the triangles are measured with
a chain and at the same time the distance to objects of interest such as a boundary fence,
building or tree, is determined using a tape to measure ties or right-angle offsets. With a
small area such as that shown in Figure 17.13 only one triangle is needed.
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Ties are simply two measurements to the object of interest from points of known distance
along the chain line so that a triangle is formed and the object is at the apex. Note that the
position of an object can always be determined using triangles. The method is known as
triangulation.

A right-angle offset is made by holding the tape to the object of interest and swinging it
along the chain till the tape shows the minimum distance. This indicates a right angle and at
this point the distance on the tape and along the chain must be recorded.

Chain surveying is simple, but the recording must be done very systematically. A good
surveyor will keep records in such a way that a different person can understand them and do
the mapping when the fieldwork has been completed. The following points should be noted:

• A basic sketch plan is needed showing the layout of the triangles with corners labelled
A, B, C, etc. (see Figure 17.13).

• The record sheet should have a column down the centre to represent the chain line and
if, for example, chaining is carried out from point A to point B, A would be shown at the
bottom of the column with a distance 00. While chaining the distance from A to B, all
the objects of interest on the left of the line are shown to the left of the column on the
record sheet and all the features to the right of the chain are shown on the right of the
page. The recording starts at the bottom of the sheet and moves towards the top. This
is the only way to ensure that the map, which is made after the fieldwork is completed,
has the features oriented correctly to the sides of the triangles.

Sketch plan of small plot�
mapped by chain survey

Dotted lines indicate �
measurements made �
while surveying A and B

Page from field note book line A–B Note: entry always starts from bottom of �
page. All objects located by ties except tree, �
which is located using a right-angle offset.

Figure 17.13 Chain survey



17: SURVEYING

207

• A map has to show the correct horizontal relationships of the features, and if distances
have to be measured on steep slopes, step chaining will have to be used. Alternatively,
if the angle of slope is known, the distance on the slope can be multiplied by the cosine
of the angle to give the horizontal distance.

• Before making the map, it is necessary to select a suitable scale that will allow all the
details to fit on the paper to be used. Typical scales are 1:500, 1:1,000, 1:5,000, 1:10,000,
etc.

Map making by compass survey
A compass survey can be used for mapping an area of land with straight boundaries (Figure
17.14). It is used together with chaining the distances (or pacing for a quick survey). When
surveying the boundaries of a field, the surveyor will take forward and backward bearings
from each corner, and by returning to the starting point will complete a closed traverse. A
sketch map should be made and the distances and angles recorded on it. Before mapping, a
suitable scale must be chosen. If mapping is done on graph paper, the vertical lines can
represent north and the angles are easily marked off using a protractor.

The advantage of a compass survey is that the equipment is light and easy to carry,
observations can be made quickly and each reading is independent of the previous ones so that
errors do not accumulate. However, there can be some inaccuracy in reading if the instru-
ment is not held very steady, and when the boundaries are mapped it may be found that the
final line drawn does not connect with the starting point. If the difference is a major one, the
survey should be done again. If it is minor, each point can be shifted slightly by the procedure
shown in survey textbooks.

Figure 17.14 Compass survey of plot boundary

Raised lid with hair line�
for sighting target

Prism for reading bearings�
while sighting target
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Figure 17.15 Grid levelling for mapping contours

Mapping contours
To show the relief or topography of the land, it is necessary to determine the position of
contour lines. If the land has steep slopes, a theodolite is the best instrument for this purpose,
but a theodolite is rarely available and requires considerable experience in use. In other situ-
ations, a telescopic level can be used in conjunction with a chain survey in one or other of the
following ways.

Mapping contours by the grid method
The area under study is marked out in the field with a square grid using pegs spaced, say, 10
or 20 m apart. A telescopic level is used to mark out the grid and then to determine the height
of the ground at the intersection of the lines (Figure 17.15).

All heights must be related to a convenient benchmark to which an arbitrary height, e.g.
100.00 m, is assigned. The first reading on the benchmark is a backsight, the last reading
taken is a foresight and, assuming the instrument did not need to be moved, all other read-
ings are intersights. The grid is shown on the map and the reduced level is indicated at the
corner of each square. Contour lines can then be drawn in at a suitable vertical interval, say,
0.5 m, 1 m or 2 m. Interpolation between two points on the grid is usually needed to map the
exact position of the contour.

Layout of grid with�
pegs at 20 m spacing

A B C D E F G H I

Position of�
telescopic level 3

4

5

2

1

Levelling data (part)

Contour map (part)�
scale 1:1,000�
contour VI 1 m
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Mapping contours using radiating lines
The telescopic level is set up on the base line or the side of one triangle at a position already
recorded while carrying out the chain survey. While viewing along the line, the angular scale
is rotated to read 0º. Radiating lines are selected, the angle of each is recorded and the height
of the ground is determined at intervals along each line. The radiating lines can be marked on
the map using a protractor and the elevations shown at each point. The contours can then be
drawn in the same way as with the grid method.
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Appendices
1. Dominant soils types in Eritrea
2. Soil texture
3. Procedure for determining the texture of a moist mineral soil by feel
4. The use of gabions in gully control
5. Some useful leguminous species for improving soil fertility
6. Some useful grass species
7. Estimation of catchment run-off
8. Grass waterway design: minimum dimensions for different situations
9. Design of waterways for steep slopes
10. Classification of irrigation water and salinity/sodicity management
11. Calculation of channel dimensions using Manning�s equation
12. Soil infiltration, available water-holding capacity and water-retention curves
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Appendix 1. Dominant soil types in Eritrea
(Bl = Bilen, Ku = Kunama, Nr= Nara, Tg = Tigrigna, Tr = Tigre, Sh = Saho)

Cambisols: Keih hamed (Tg); Keih chebel (Tr); Shluk logo (Nr); Legagiba (Ku);
Asabure (Sh)
Cambisols are found on sloping and undulating land. Those found on steeper slopes are
shallow and stony, while on undulating and relatively gentle slopes they are deep and good
for agriculture. However, the availability of phosphorus may be low.

Lithosols: Kontera/ Meraguzo (Tg); Kerkeshi (Nr); Kerkesa (Bl); Lisikbaro (Sh)
These are mineral soils less than 10 cm thick, developed over hard rock. Most Lithosols are
found on steep slopes that are exposed to erosion.

Fluvisols: Ekub hamed/ Tswar hamed (Tg); Murta/ Sesai (Ku); Gerentakin-bure
(Sh)
Fluvisols are young soils developed in recent alluvial deposits of river plains, deltas, former
lakes and coastal areas. Sediments consist of materials eroded from uplands and moun-
tains. Fluvisols are deep and good for agriculture.

Luvisols: Dukua/ Ba�ekel (Tg), Btasraku (Bl); Dulus-bure/ Buhin-bure (Sh)
A feature of Luvisols is accumulation of clay minerals and iron in the upper soil layers.
Some Luvisols have a strong brown or red B-horizon. These are referred to as chromic
Luvisols. In soils with a heavy-textured B-horizon, permeability may be low and a good
root distribution can be hindered. Available phosphorus content is low to moderate. Most
Luvisols are good for agriculture.

Vertisols: Waleka (Tg); Kemit/Tselim chebel (Tr); Baduma (Ku); Badog (Nr);
Mergua (Bl); Walika (Sh)
Vertisols are very heavy clay found in flat areas that have a pronounced dry season during
which they shrink and develop large deep cracks in a polygonal pattern. During the wet
season the clay swells and causes pressure in the sub-soil. Vertisols have limited use for
agriculture since the land is rather difficult to prepare, and Vertisols are also subject to
waterlogging since drainage is poor. The organic matter content in Vertisols is often not
more than 1%.

Solonchaks
Solonchaks are highly saline soils containing soluble salts that influence plant growth.
They are poor soils because most plants cannot grow at all. In saline soils that have moder-
ate to rapid permeability to a depth of at least 3 m, and that can be drained, the harmful
soluble salts can be washed out and carried away in drained water. When this is com-
pleted, these soils may have agricultural potential, although it is necessary to take care
that salts do not accumulate in the rooting zone again.
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Regosols
Regosols are soils without profile development. They occur in areas with little precipita-
tion and on slopes subject to severe erosion. They consist mostly of loose soil material. They
have limited agricultural value.

Xerosols
Xerosols are soils in arid and semi-arid areas with a weakly developed horizon. Calcic
Xerosols have a strong accumulation of calcium carbonate, while luvic Xerosols have an
accumulation of alluvial clay.

Andosols
Andosols occur in volcanic regions. They are formed in volcanic ash material. The ash
material being very light, their bulk density is very low. Andosols are very rich in mineral
nutrients, are permeable and with poor water-retention capacity.

Arenosols
Arenosols are coarse-textured sandy soils. Arenosols have low water-retention capacity,
are very permeable and have low natural fertility. Rooting depth is often restricted by
limited soil depth. They are poor for agriculture.
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Appendix 2. Soil texture

Soil texture is based on the proportion of sand, silt and clay in the soil. If the soil has been
analysed to give the percentage of these components, the texture triangle (opposite) can be
used to describe the soil in one of the following categories: sand, loamy sand, sandy loam,
fine sandy loam, very fine sandy loam, loam, silt loam, silt, clay loam, sandy clay loam, silty
clay loam, sandy clay, silty clay, clay.

If the soil has not been analysed, the description can be obtained by following the proce-
dure in Appendix 3 or using the following notes.

••••• Sand does not stick together, does not stick to the fingers and so leaves no dirty marks
on the fingers when the specimen is thrown away.

••••• Loamy sand does not stick together, does not stick to the fingers but leaves a very
slight dirty mark on the fingers. It can be rolled into a ball, but when pressed with the
thumb there is no imprint.

••••• Sandy loam tends to stick together, leaves a noticeable dirty mark on the fingers, and
the individual sand grains can be easily seen. It can be rolled into a ball and thumb
pressure leaves an imprint.

••••• Very fine sandy loam behaves as a sandy loam, but the sand grains cannot be seen or
felt.

••••• Loam sticks together and leaves a very noticeable dirty mark on the fingers. It can
usually be felt to stick to the fingers and feels gritty as it is rolled and worked. It can
be rolled into a ball which will not crumble.

••••• Silt loam sticks together and leaves a very dirty mark on the fingers but does not stick
to the fingers.

••••• Silt sticks together and leaves a very dirty mark on the fingers. It does not stick to the
fingers when worked. It has a distinct soapy feeling.

••••• Clay loam sticks together and can be felt to stick to the fingers quite strongly, but
when pressed between thumb and forefinger does not offer any resistance to being
pulled apart again; in other words it does not stick the fingers together.

••••• Sandy clay loam behaves in a similar way to a clay loam when worked but the greater
amount of sand gives the soil more of a gritty feeling.

••••• Silty clay loam behaves in a similar way to a clay loam but has a smoother (soapy)
feeling when rubbed between the fingers.

••••• Sandy clay sticks together, sticks to the fingers and also tends to stick the fingers
together when it is pressed between the thumb and forefinger. When rolled in the
fingers close to the ear a distinct �crackling� sound can be heard, which is due to the
sand grains grinding together as they are rolled. It can be partially rolled into a rib-
bon but the ribbon breaks.

••••• Silty clay behaves in a similar manner to a sandy clay when worked except that it
feels smoother, almost soapy, and makes only a faint �crackling� sound when rolled
close to the ear. A mark of a thumb print can be seen when the thumb is rubbed across
the specimen.

••••• Clay is sticky, smooth to the touch and has a very pronounced sticking effect when
passed between the fingers. It does not �crackle� when rolled near the ear. It sticks to
both fingers and can be rolled into a ribbon.
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Appendix 3. Procedure for determining the texture of a
moist mineral soil by feel

Is the moist soil predominantly rough and gritty?

YES NO

Does the soil stain the fingers? Does the soil mould to form
an easily deformed ball and
feel smooth and silky?

NO YES YES NO

SAND Is it difficult to SILT LOAM Does the soil mould to
roll the soil into form a strong ball which
a ball? smears but does not take

polish?

NO YES YES NO

Does the soil LOAMY CLAY Also rough/ Also smooth
feel smooth SAND LOAM gritty and silky
and sticky as
well as gritty?

SANDY SILT
NO YES CLAY CLAY

LOAM LOAM
SANDY SANDY
LOAM SILT LOAM

Soil mould is easily worked,
polishes and feels very sticky
when wet

CLAY Also rough Also smooth
and gritty and buttery

SANDY SILTY
CLAY CLAY
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Appendix 4. The use of gabions in gully control

Gabions are boxes of galvanized wire mesh that are filled with stones. Small stones can be
used as the wire mesh will prevent them being washed away. If large stones are used, they
must be placed carefully with small stones filling the spaces between them otherwise wa-
ter may jet through the gabion and undermine the ground beneath. Gabion boxes are filled
in situ and as they are very heavy they will not be washed away provided they have been
correctly installed.

The main advantages of gabions are that they are tough and long lasting provided that
the wire has been well galvanized. Furthermore, they are somewhat flexible and can be
installed where the surface is uneven. They can be used to stabilize gully sides, gully heads,
roadside embankments, river banks and even landslips. However, they are expensive and
should only be used if no other cheaper method will suffice. Installing gabions is no substi-
tute for land misuse and, if the land is denuded, installing gabions will not solve the prob-
lem. However, in conjunction with measures to restore vegetative cover they can play a
role.

Although gabions can be useful in conservation, results have often been disappointing
in the field and the following are some of the problems which have been encountered.

Many gabion check-dams have been undermined or bypassed round the side due to
incorrect installation or unstable soil. Common problems are failure to embed the gabions
to a sufficient depth in the floor of the gully and failure to insert to a sufficient distance into
the gully banks.

Failure to construct with a central weir lower than the sides causes water to erode the
banks, and failure to install a downstream apron to absorb the energy of falling water
leads to undermining and overturning. Where soils are sodic and unstable, tunnelling un-
derneath the check-dam can occur and expert advice should be sought before installing
gabions on such soils.

Problems are sometimes experienced where the standard size of gabion boxes does not
match the width of check-dams to be installed. This is more of a problem with small gullies
than with large gullies. In such a situation gabions should be fabricated on site.

Gabions have sometimes been used to trap silt in river beds but have then been washed
away during floods or have caused the river to divert. This is an example of inappropriate
application. Problems can also arise if the wire is of poor quality and rusts, or if the gabions
are not properly tied together. It has even been known for people to remove wires for
hanging beehives. In spite of the above problems gabions have been successful in some
situations.

Pre-fabricated gabion boxes are available commercially in the following sizes: 2 x 1 x
1 m and 2 x 1 x 0.5 m. Each has a central diaphragm to provide rigidity. It is also possible
to buy the wire mesh and fabricate the gabions on site. An iron rod is needed for reinforce-
ment. Strong wire should be used for cross ties and for stitching the seams. Each gabion
should be firmly tied to adjoining boxes. Figure A4.1 illustrates these points.
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Figure A4.1 Fabrication of a gabion box
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Appendix 7. Estimation of catchment run-off

In natural catchments, any rainfall is either intercepted by vegetation, infiltrates into the
soil, starts moving over the surface as run-off or is lost through evaporation. In order to
design appropriate conservation structures such as diversion ditches or waterways it is
important to be able to make an estimate of run-off. For a rainfall episode of given duration
and intensity, the proportion which becomes run-off depends mainly on the cover of veg-
etation or crop residues, the soil infiltration rate, water content and storage capacity, and
the slope of the land.

For some purposes it is necessary to know the peak rate of run-off in cubic metres per
second, and for others it is necessary to know the volume of run-off in cubic metres. For
example, if a diversion ditch or waterway has to be designed, the critical factor is the rate
of run-off, whereas if a retention ditch has to be designed, the expected volume of run-off
should be estimated so that the ditch can be made large enough. Run-off rate and run-off
volume are estimated in quite different ways, as explained below.

There are two simple methods used for estimating run-off rate, known as the rational
formula and Cook�s method. They are both useful, and as they will not give exactly the
same result they can both be used and the results compared to check on the reliability of
the estimate.

1. Rational formula for estimating run-off rate
The rational formula is expressed as follows:

q = CiA/360

Where: q = run-off rate (m3/s)
C = run-off coefficient (between 0 and 1)
 i = rainfall intensity (mm/h)
A = area of catchment (ha)

The following points should be noted.

Run-off coefficient
This is the proportion of total rainfall that is expected to become run-off during the design
storm (see below). The assumption is made that the ground is already soaked and there-
fore the rate of infiltration is determined by the permeability of the soil, the surface rough-
ness (whether there are furrows or depressions which can hold rain in situ) and the ground
cover, if any, which may impede the flow of water and increase the time for infiltration. For
deep soils with naturally high infiltration rates the run-off coefficient might be 0.25 or less.
By contrast, heavy black soils would have a low infiltration rate and the run-off coefficient
might be 0.5 or more. A dense cover of fodder grass on a deep red soil may have zero run-
off, whereas denuded grazing land may have a run-off coefficient of 0.75 or more. A tarmac
road or parking area will have a run-off coefficient of just under 1.0. Typical values for run-
off coefficient are given in Table A7.1.
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Table A7.1 Run-off coefficient values for use with the rational formula

Topography Soil texture
and vegetation

Open sandy loam Clay and silt loam Tight (impermeable) clay
Woodland

Flat 0�5% slope 0.10 0.30 0.40
Rolling 5�10% slope 0.25 0.35 0.50
Hilly 10�30% slope 0.30 0.50 0.60

Pasture
Flat 0.10 0.30 0.40
Rolling 0.16 0.36 0.55
Hilly 0.22 0.42 0.60

Cultivated
Flat 0.30 0.50 0.60
Rolling 0.40 0.60 0.70
Hilly 0.52 0.72 0.82

Urban areas 30% of area 50% of area 70% of area
impervious impervious impervious

Flat 0.40 0.55 0.65
Rolling 0.50 0.65 0.80
Source: Hudson 1995.

Rainfall intensity
The value of rainfall intensity in millimetres per hour for use in the rational formula is the
highest that can be expected in a ten-year return period for a time equal to the time of
concentration of run-off at the outlet of the catchment. This is known as the design storm.

�Time of concentration� is an important concept used with the rational formula in deter-
mining peak discharge (m3/s) for designing a diversion ditch, waterway, weir, etc. It can be
applied to any catchment area.

Time of concentration is the longest time taken for water to travel by surface flow from
any point in a catchment to the outlet. The rationale behind the concept of time of concen-
tration is that the biggest storm will occur when all parts of the catchment are contributing
simultaneously to discharge at the outlet. For this to happen, there must be a storm over
the whole catchment, the ground must be wet and all the minor depressions must be filled.
Peak discharge is not likely to occur at the beginning of the rainy season when the ground
is dry and receptive of rainfall but after some days or weeks of continuous rainfall when
the ground has become saturated with water.

Figure A7.1 shows a typical rainfall intensity duration curve for a ten-year return pe-
riod. Clearly the longer the duration of the storm, the lower the average intensity. The
value for intensity, i, to be used in the rational formula (q = CiA/360) must be that with a
duration equal to the time of concentration. If a longer duration is used, the intensity value
will be lower and the estimate of peak discharge will be too low. If a shorter time period is
used, the whole of the catchment will not be contributing simultaneously to discharge at
the outlet. Run-off close to the outlet would have left the catchment before that from the
furthest point had arrived and peak discharge would not therefore occur. Hence, the need
to use the intensity value for a storm which has a duration equal to the time of concentra-
tion.

Note that Figure A7.1 shows an intensity value for a storm with a ten-year return
period. This means that a storm of that intensity is likely to occur on average once every
ten years. Heavier storms may occur but will be less frequent. For most simple structures,
a rainfall intensity with a return period of five or ten years can be used when estimating
peak discharge, but for major concrete structures such as bridges or dam spillways return
periods of 50, 100 or even longer may be used. The greater the damage which could be
caused by failure of the structure, the longer the return period that should be used.
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Table A7.2 Time of concentration for small catchments

Area (ha) Time of concentration
(minutes)

0.4  1.4
2.0  3.5
4.0  4.0

40.0  17.0
200.0  41.0
400.0  75.0

Source: Hudson 1995.

Obviously the bigger the catchment the longer the time of concentration. When the
time of concentration has been estimated, the rainfall intensity value to use in the equa-
tion can be found from the rainfall intensity�duration�frequency curve for the locality in
question.

Area of the catchment
The area of the catchment can be estimated by pacing, use of maps or aerial photos.

2. Cook�s method for estimating run-off rate
This method was developed by the United States Conservation Service and adapted for
African conditions by Prof. Norman Hudson. The method is based on actual measurements
of rainfall intensity and run-off rate from small catchments. Hudson�s approach is simple
and suitable for use in Africa. There are only three factors to be determined: the area of the
catchment, the shape of the catchment and the catchment characteristics. The shape of the
catchment is relevant because a short wide catchment will generally produce a higher
peak run-off than a long narrow catchment of the same size.

The catchment characteristic (CC) is determined from observation on the vegetative
cover, the soil and the slope. A value is attached to each of these components, as shown in
Table A7.3, and the sum of the three figures gives the total catchment characteristic.

Table A7.3 Catchment characteristics, CC, used for determination of run-off rate by Cook�s
method

Cover Soil type and drainage Slope
Forest or heavy grass 10 Deep, well-drained soils 10 Very flat to gentle 5
Scrub or medium grass 15 Deep, moderately pervious Moderate 10

soil 20
Cultivated lands 20 Soils of fair permeability Rolling 15

and depth 25
Bare or eroded land 25 Shallow soils with impeded

drainage 30 Hilly or steep 20
Medium heavy clays or
rocky surfaces 40 Mountainous 25
Impervious surfaces and
waterlogged soils 50

 Source: Adapted from Hudson 1995.



APPENDIX 7: ESTIMATION OF CATCHMENT RUN-OFF

225

Table A7.4 gives the values of run-off rate for different catchment sizes and character-
istics and Box 1 gives an example comparing Cook�s method with the rational formula for
estimating run-off rate.

Table A7.4 Run-off rates (m3/s) determined for small catchments by Cook�s method

CC

25 30 35 40 45 50 55 60 65 70 75 80
ha
5 0.2 0.3 0.4 0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 2.1

10 0.3 0.5 0.7 0.9 1.1 1.4 1.7 2.0 2.4 2.8 3.2 3.7
15 0.5 0.8 1.1 1.4 1.7 2.0 2.4 2.9 3.4 4.0 4.6 5.2
20 0.6 1.0 1.4 1.8 2.2 2.7 3.2 3.8 4.4 5.1 5.8 6.5
30 0.8 1.3 1.8 2.3 2.9 3.6 4.4 5.3 6.3 7.3 8.4 9.5
40 1.1 1.5 2.1 2.8 3.5 4.5 5.5 6.6 7.8 9.1 10.5 12.3
50 1.2 1.8 2.5 3.5 4.6 5.8 7.1 8.5 10.0 11.6 13.3 15.1
75 1.6 2.4 3.6 4.9 6.3 8.0 9.9 11.9 14.0 16.4 18.9 21.7

100 1.8 3.2 4.7 6.4 8.3 10.4 12.7 15.4 18.2 21.2 24.5 28.0
Source: Hudson 1995.
Note: Left-hand column is the area of the catchment in hectares, CC is the catchment characteristics (African
method) and the figures in the body of the table are the run-off in cubic metres per second for a 10-year
return period.

Adjustments to Cook�s method
For areas known to experience less intense rainfall, multiply the values obtained from
Table A7.4 by 0.75. Since the shape of the catchment affects the time of concentration and
hence the design intensity and ultimately the peak run-off, multiply the run-off values
obtained from Table A7.4 by 0.8 or 1.25 for long narrow and broad short catchments, re-
spectively.

Box 1. Run-off rate estimation�examples using the rational formula and
Cook�s method

Run-off from higher ground is causing damage to a farmer�s land and the extension officer has
been asked to design a cut-off drain that can carry the run-off safely to a waterway. He inspects
the catchment and finds that the soil is deep and permeable. He estimates the size of the catch-
ment to be 5 ha and notes that there is an area of about 3 ha of eroded grazing land from which
high run-off can be expected. Cropland which is well managed occupies 1.5 ha, and there is an
area of woodlot occupying 0.5 ha. He estimates the discharge by the rational formula and Cook�s
method in the following way.

Rational formula
1. Find the weighted mean value for the run-off coefficient (Cw) using figures from Table A7.1.

C
Slightly rolling pasture on tight clay 3.0 ha x 0.50 = 1.50
Flat cropland, sandy loam 1.5 ha x 0.30 = 0.45
Gently rolling woodland, sandy loam 0.5 ha x 0.20 = 0.10

Total area 5.0 ha x Cw = 2.05

Therefore Cw = 2.05/5.0 = 0.41

2. The time of concentration for a 5-ha catchment is about 5 minutes (Table A7.2).

3. Select the rainfall intensity, i, for a very short storm with a ten-year return period from Figure
A7.1. The graph does not show a figure for a storm of 5 minutes, but a storm of 12 minutes
(0.2 hr) is selected and a value of 130 mm/h is obtained.

4. The peak run-off rate q = CiA/360 = (0.41 x 130 x 5)/360 = 0.74 m3/s
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Cook�s method
1. Find the weighted mean catchment characteristic (CCw) using figures from Table  A7.3.

CC
Eroded grazing land, fair soils, moderate slope 3.0 ha x (25 + 25 + 10) = 3.0 x 60 = 180.0
Cropland, deep soils, flat 1.5 ha x (20 + 10 + 5) = 1.5 x 40 = 60.0
Scrub,* deep soil, moderate slope 0.5 ha x (15 + 10 + 10) = 0.5 x 35 = 17.5

Total area 5.0 ha x CCw = 257.5

2. From Table A7.4 the peak run-off rate, q, for a catchment characteristic of 50 is 0.9 m3/s and
for 55 is 1.1 m3/s. Therefore the value of 51 is equivalent to a peak run-off rate of 0.92 m3/s.

The above calculations give slightly different results, which is only to be expected as there are
many assumptions made in selecting the data. The extension officer may reason that the condi-
tion of the eroded grazing land is expected to improve with better management and will therefore
design the cut-off drain using the lower figure for a peak run-off of 0.74 m3/s.

* A value was chosen for scrub rather than forest since a woodlot will not usually protect the soil as much as
indigenous forest.

Therefore CCw =              = 51.4
 257.5

5
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Appendix 8. Grass waterway design: minimum
dimensions for different situations

Ground slope 5% 10% 15% 20% 30%
Lining Close grass Close grass Close grass Grass/stone Grass/stone
Design velocity 2 m/s 2 m/s 2 m/s 3 m/s 3 m/s
Discharge:
0.25 (m3/s)

Depth (m) 0.40 0.24 0.18 0.26 0.19
Width (m) 0.65 1.10 2.30 0.67 0.91
Area (m

2
) 0.13 0.13 0.08 0.08 0.08

0.50 (m3/s)
Depth (m) 0.40 0.24 0.18 0.26 0.19
Width (m) 1.30 2.20 4.43 1.34 1.82
Area (m

2
) 0.25 0.25 0.25 0.17 0.17

0.75 m3/s
Depth (m) 0.40 0.24 0.18 0.26 0.19
Width (m)  1.96 3.30 6.73 2.01 2.73
Area (m

2
) 0.38 0.38 0.38 0.25 0.25

1.00 (m3/s)
Depth (m) 0.40 0.24 0.18 0.26 0.19
Width (m)  2.61 4.39 8.86 2.68 3.63
Area (m

2
) 0.50 0.50 0.50 0.33 0.33

1.25 (m3/s)
Depth (m) 0.40 0.24 0.18 0.26 0.19
Width (m)  3.27 5.49 11.16 3.35 4.54
Area (m

2
) 0.63 0.63 0.63 0.42 0.42

1.50 (m3/s)
Depth (m)  0.40 0.24 0.18 0.26 0.19
Width (m)  3.92 6.59 13.28 4.02 5.45
Area (m

2
) 0.75 0.75 0.75 0.50 0.50

1.75 (m3/s)
Depth (m) 0.40 0.24 0.18 0.26 0.19
Width (m)  4.57 7.69 15.58 4.69 6.36
Area (m

2
) 0.88 0.88 0.66 0.58 0.58

2.00 (m3/s)
Depth (m) 0.40 0.24 0.18 0.26 0.19
Width (m) 5.23 8.79 17.71 5.36 7.27
Area (m

2
) 1.00 1.00 1.00 0.67 0.67

Source: Thomas 1997.
Note: The depth should be increased by 25% to allow for freeboard. This will increase the width also.
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Appendix 9. Design of waterways for steep slopes

Designing waterways for steep slopes is a particularly difficult task. In a common situa-
tion, run-off from a road discharges into a footpath that runs down to the valley at the
boundary between two smallholdings which belong to different farmers. The steepness of
the land increases down the slope and gullying is taking place. Farmers are worried by this
but do not know how to solve the problem.

Nowadays, contracts for road construction are expected to make provision for run-off to
be discharged safely to the nearest valley. However, many roads have been built without
such provision. What can be done? Footpaths are unavoidable, but farmers are reluctant to
spare more land for waterways. Funds are usually very limited and the most cost-effective
solution must be found. There is still much to be learned about appropriate solutions, espe-
cially how to combine waterways with footpaths, but the following suggestions may be
found useful.

1. Look for ways to reduce the volume and rate of run-off. For example, it may be possible
to direct run-off into a retention ditch or pit where bananas are growing so that only the
surplus has to be taken to the valley.

2. Check if there is a safe waterway nearby to which the run-off could be taken through a
diversion ditch.

3. Consider the possibility of dividing the quantity of run-off so that it is carried in two
small waterways rather than in one bigger one. This will reduce the risk of gullying.

4. Estimate the rate of run-off in m3/s which has to be carried by the waterway (as ex-
plained in Appendix 7), and measure the slope of the ground at the steepest section.

5. Check if stone is available nearby or can be brought to the site cheaply.
6. Find out if a grass-lined waterway would suffice, as this is the cheapest solution. The

method of calculating the width is explained in Appendix 11. But remember that if a
grass-lined waterway is used as a major footpath, the cover will be destroyed and ero-
sion will occur.

7. If the grass waterway requires, say, 3�4 m width or more according to your calculations
and the farmers agree to set aside this land and protect it, you can proceed to shape the
waterway and establish a suitable spreading grass. This should be done towards the
end of the rainy season while there is enough water in the ground for grass to grow but
the risk of damage from heavy storms is minimized.

8. If the farmers cannot spare so much land, stone must be used for lining. Repeat the
calculation to find out the width for a stone-lined waterway. The best combination is to
use rough quarry chips together with a grass such as Cynodon spp. (see Appendix 6)
which will help to bind the stones in place. If stone is in short supply, it may be adequate
to put stone in the centre section where the risk of scouring is greatest. If the stones are
placed carefully it may also be possible to use the waterway as a footpath.

9. If none of these solutions is feasible, it will be necessary to construct a masonry or
concrete waterway, perhaps with drop structures, and the advice of an agricultural or
civil engineer should be sought. Again the design should be made so that the waterway
can be used as a footpath. This will be the most expensive solution but will take up the
least amount of land.

It is always better and cheaper to stabilize a waterway before it has eroded than to wait
until a gully has developed.
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Appendix 10. Classification of irrigation water and salinity/
sodicity management

Several different parameters are used to define irrigation-water quality, to assess salinity
hazard and determine appropriate management strategies. A complete water-quality analy-
sis will include determination of:

• The total concentration of soluble salts
• The relative proportion of sodium to the other cations
• The bicarbonate (HCO3) concentration in relation to the concentration of calcium and

magnesium, and
• The concentrations of specific elements and compounds.

The amounts and combinations of these substances define the suitability of water for
irrigation and the potential for plant toxicity.

The classification of irrigation water is usually based mainly on the total salt content
and the sodium content. These hazards, and some supplementary factors, are discussed
below.

Salinity hazard
Very saline water is toxic to plants and poses a salinity hazard. Soils with high levels of
total salinity are called saline soils. High concentrations of salt in the soil may result in a
condition termed physiological drought in which, even though there is plenty of moisture
in the field, the plants will wilt because their roots are unable to absorb the water in the
soil.

The total salt content of irrigation water is one of the factors that indicates whether
there is a danger that salt will accumulate in the soil. It can be determined by measuring
the electrical conductivity (EC) of the water. A classification of irrigation-water salinity
based on EC is the one most widely used. In this system the limits between different classes
of electric conductivity are measured in micro-siemens per centimetre (µS/cm, equivalent
to µmhos/cm), as follows:

< 250 Low salinity, excellent irrigation water
250�750 Moderate salinity, good irrigation water
750�2,250 Medium salinity, permissible irrigation water, leaching needed if used
2,350�4,000 High salinity, doubtful to unsuitable for irrigation, good drainage

needed, sensitive plants will not grow properly
4,000�6,000 Very high salinity, good drainage needed, sensitive plants will not

grow properly
> 6,000 Excessively high salinity.

The salinity ranges applied in characterizing irrigation water for use in specific situa-
tions should, however, be modified according to local environmental conditions in the rel-
evant area.

Low salinity water can be used for irrigation with most crops on most soils with little
risk that a salinity problem will develop. Some leaching is required, but this occurs with
normal irrigation practices except in soils with extremely low permeability.
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Medium salinity water can be used if a moderate amount of leaching occurs. Plants with
moderate salt tolerance can be grown in most instances without special practices for salin-
ity control.

High salinity water cannot be used on soil with restricted drainage. Even with adequate
drainage, special management for salinity control may be required, and plants with good
salt tolerance should be selected.

Very high salinity water is not suitable for irrigation under ordinary conditions but may
be used occasionally under very special circumstances. The soil must be permeable, drain-
age must be adequate, the irrigation water must be applied in excess to provide consider-
able leaching and very salt-tolerant crops should be selected.

Many crops have little tolerance for salinity during seed germination, but significant
tolerance during later growth stages. Some crops such as barley, wheat and maize are
known to be more sensitive to salinity during the early growth period than during germi-
nation and later growth periods.

Techniques for salinity management
Techniques that can be applied to control slight salinity problems are, for example, more
frequent irrigation, use of more salt-tolerant crops, additional leaching, pre-planting irri-
gation, preparation of special bed shapes and other seed-placement techniques. More se-
vere problems may be controlled by change of irrigation method, altering the water supply,
land levelling, modifying the soil profile and installation of sub-surface drainage.

Leaching
Soluble salts that accumulate in soils must be leached below the crop root zone to maintain
productivity. Leaching is the basic management tool for controlling salinity. Water is ap-
plied in excess of the total amount used by the crop and lost to evaporation. The strategy is
to keep the salts in solution and flush them out to below the root zone. The amount of water
needed to do this is referred to as the leaching requirement.

Excess water may be applied with every irrigation to provide the water needed for
leaching.  However, the time interval between each leaching does not appear to be critical
provided that crop tolerances are not exceeded. Hence, leaching can be accomplished with
each irrigation, every few irrigations, once yearly, or even at longer intervals, depending
on the severity of the salinity problem and salt tolerance to the crop. An occasional or
annual leaching event where the water is ponded on the surface is an easy and effective
method for controlling soil salinity.

More frequent irrigation
Salt concentrations increase in the soil as water is extracted by the crop. Typically, salt
concentrations are lowest following an irrigation and highest just before the next irriga-
tion. Increasing irrigation frequency maintains a more constant level of moisture in the
soil. Thus, more of the salts are kept in solution, which aids the leaching process.

Pre-planting irrigation
Salts often accumulate near the soil surface during fallow periods, particularly when wa-
ter-tables are high or when off-season rainfall is scarce. Under these conditions, seed ger-
mination and seedling growth can be seriously impaired unless the soil is leached before
planting.

Seed placement
Obtaining a satisfactory stand of plants is often a problem when carrying out furrow irriga-
tion with saline water. Farmers sometimes try to compensate for poor germination by
planting two or three times as much seed as would normally be required. However, plant-
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ing procedures can be adjusted to lower the salinity in the soil around the germinating seed.
Good salinity control can often be achieved with a combination of suitable practices, special
bed formation and irrigation-water management.

In furrow-irrigated soils, planting seeds in the centre of a single-row raised bed places
the seed exactly where salts are likely to concentrate. This situation can be avoided by
using �salt ridges� (i.e. ridges made specially to allow for salt accumulation and where no
seeds are planted). With a double-row raised planting bed, the seeds are placed near the
shoulders and away from the area of greatest salt accumulation. Alternate-furrow irriga-
tion may help in some cases. If alternate furrows are irrigated, salts can often be moved
beyond the single seed row to the non-irrigated side of the planting bed. Salts will still
accumulate, but accumulation at the centre of the bed will be reduced.

Increasing the depth of water in the furrow can improve germination in saline soils.
Another practice is to use sloping beds with the seeds planted on the sloping side just above
the water line.

Residue management
Exposed soils have higher evaporation rates than those covered by crop residues. Residues
left on the soil surface reduce evaporation, thus less salts will accumulate and rainfall will
be more effective in causing leaching.

Piped water delivery systems
Any open water is subject to evaporation, which leads to higher salt concentrations in the
water. Thus, the salinity content of the irrigation water will increase during the entire
time that the water is being transported through irrigation canals or stored in reservoirs.
Replacing irrigation canals with pipe systems helps stabilize salinity levels.

Sodium hazard
Irrigation water containing high concentrations of sodium is of special concern due to sodi-
um�s effect on the soil. Use of such water poses a sodium hazard. A value that has come into
wide use in predicting the sodium hazard is the sodium adsorption ratio (SAR). SAR is
calculated from the ratio of sodium to calcium and magnesium:

where the ions are expressed in meq/l.

The presence of calcium and magnesium ions is important since these ions tend to coun-
ter the effects of sodium. Continued use of water with a high SAR leads to a breakdown in
the physical structure of the soil. Sodium is adsorbed and becomes attached to the soil
particles. The soil then becomes hard and compacted when dry, and increasingly impervi-
ous to water penetration. Fine-textured soils, especially clays, are most susceptible to this
process. Ameliorating measures may be required to maintain soils with a high SAR in a
suitable state for growing crops.

Under the SAR system of classifying water, the range is divided into four categories:
low, medium, high and very high sodium hazard, as shown below.

SAR value Sodium hazard Comment
1�10 Low Use on very sodium-sensitive crops is not advised

10�18 Medium Amendments such as gypsum and leaching may be
needed; use restricted to coarse soils

18�26 High Generally unsuitable for continuous use, but can be
used with special management measures

>26 Very high Use generally inadvisable except with special
management and with low salinity

√
Na+

Ca++ + Mg++

2

 SAR =
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There is a relationship between salinity and sodicity. If the salinity in the irrigation water
is high, the SAR values in the table above must be in the lower range for the water to be
classified as low sodium water. For example, very saline water must have a SAR value of 1�
4 to be classified as low-sodium water, while water with low salinity can have a SAR value of
up to 10 and still be classified as low sodium water. The same applies to the other classes of
sodium hazard.

Low sodium water can be used for irrigation on almost all soils with little danger of the
development of a sodium problem. However, sodium-sensitive crops, such as avocado, may
accumulate harmful amounts of sodium in the leaves.

Medium sodium water may present a moderate sodium problem in fine-textured (clay)
soils unless there is gypsum in the soil. This water can be used on coarse-textured (sandy)
soils that take water well.

High sodium water may produce troublesome sodium problems in most soils and will
require special management�good drainage, high leaching and additions of organic mat-
ter. If there is plenty of gypsum in the soil, a serious problem may not develop for some
time. In the absence of gypsum, however, it may be necessary to add it, or other similar
material, to the soil.

Very high sodium water is generally unsatisfactory for irrigation except at low- or me-
dium-salinity levels where the use of gypsum or other amendment makes it possible to use
such water.

Techniques for sodicity management
In sodic soils, sodium ions become attached to and adsorbed onto the soil particles. This
causes a breakdown in soil structure and results in soil sealing or �cementing�, making it
difficult for water to infiltrate. Chemical amendments are used in order to help facilitate
the displacement of these sodium ions.

Amendments are composed of sulphur or related compounds such as sulphuric acid and
gypsum. Gypsum also contains calcium, which is an important element in correcting these
conditions. Some chemical amendments render the natural calcium in the soil more solu-
ble. As a result, calcium replaces the adsorbed sodium which helps restore the infiltration
capacity of the soil.

It is important to note that use of such amendments does not eliminate the need for
leaching. Excess water must still be applied to leach out the displaced sodium. Chemical
amendments can be used to reclaim sodic soils. Sulphur, calcium carbonate and pyrite
(FeS2) can be used as soil amendments, while gypsum, sulphuric acid, calcium chloride,
ferrous sulphate, ferric sulphate and aluminium sulphate can be used either as water or
soil amendments. Chemical amendments are only effective in sodium-affected soils. Amend-
ments are ineffective for saline soils, and often may even increase the salinity problem.

Chloride hazard
Since the chloride ion has no effect on physical properties of soil, and is not adsorbed in the
soil complex, it has generally not been included in modern classification systems. Too much
chloride in irrigation water can cause toxic reactions in plants, however. Beans, onions,
carrots, radish, lettuce and turnip are some of the crops that are very sensitive to chloride,
while sorghum, wheat and barley are among the most tolerant ones.

Boron hazard
Boron is one of the micro-elements in irrigation water that may harm plant growth if the
concentration is too high. Artichoke and most fruit trees are sensitive to boron, while as-
paragus, date palm, onion, turnip, cabbage, lettuce and carrots are among the tolerant
ones.
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Bicarbonate hazard
The bicarbonate ion in the soil solution harms the mineral nutrition of the plant through its
effect on the uptake and metabolism of nutrients.

With regard to their content of Mg++, Ca++, HCO3
�, CO3

� � and SO4
� � soils are classified as

follows (ion content expressed in meq/l):

Class I Mg++ + Ca++ < HCO3
� + CO3

� �

Class II Mg++ + Ca++ > HCO3
� + CO3

� �, and

Ca++ < HCO3
� + CO3

� � + SO4
� �

Class III: Mg++ + Ca++ > HCO3
� + CO3

� �, and

Ca++ > HCO3
� + CO3

� � + SO4
� �

Class IV HCO3
� + CO3

� � + SO4
� �  is negligible

When water of Class I is concentrated in the soil, its magnesium and calcium will pre-
cipitate as carbonates. All Na and K salts remain in solution. Thus, the sodium hazard
increases with increasing residual sodium carbonate value (RSC value), i.e. with the differ-
ence between (HCO3

� + CO3
� �) and (Mg++ + Ca++).

With water of Class II, some of the calcium and magnesium will precipitate as carbon-
ates and gypsum. As gypsum is more soluble than bicarbonates, there will usually be a fair
amount of magnesium and calcium remaining in the soil solution. The sodium hazard,
therefore, is less than with waters of Class I. Moreover, all Na and K salts remain in
solution.

With water of Class III, as with that of Class II, some of the calcium and magnesium
will precipitate as carbonates and gypsum. But here the combined concentration of cal-
cium and magnesium will exceed the solubility of slightly soluble salts, which means that
the sodium hazard is reduced.

Water of Class IV contains chlorides as anions and no precipitates are expected.

A classification of water based on the residual sodium carbonate (RSC) concept is as
follows:

RSC > 2.5 Not suitable as irrigation water
RSC 1.25�2.5 Marginal as irrigation water
RSC < 1.25 Probably safe as irrigation water.

Sulphate hazard
Sulphate (SO4

� �) toxicity has been shown to occur in citrus. A concentration of 1% SO4
� � in

the leaves is considered a toxic level. Most irrigation waters do not contain sufficient sul-
phate to cause injury. However, SO4

� � promotes the uptake of sodium and restricts the
uptake of calcium. Thus, depending on substrate composition, SO4

� � might cause Ca++ defi-
ciency or Na++ toxicity.

Suspended solids hazard
Large amounts of suspended solids in the irrigation water are hazardous to irrigation equip-
ment and soil permeability.

When basin and furrow irrigation are used, water with a high content of suspended
matter affects the permeability of the soils, especially if the irrigated soils are coarse tex-
tured. The suspended solids may also cause formation of a crust, which may reduce seed-
ling germination.

In sprinkler and trickle irrigation the ability of the distribution systems to carry water
may be reduced due to suspended solids. Nozzles may become blocked, causing a non-
uniform distribution. With sprinkler irrigation, the suspended matter may accumulate on
the leaves of the crop and cause biological disturbances.
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Appendix 11. Calculation of channel dimensions using
Manning�s equation
Principles
The approach described here is suitable for designing small trapezoidal channels, e.g. as
diversion ditches or for designing parabolic channels for waterways.

Note the following equations which are needed in designing channels:

Continuity equation: q = v ⋅ A ����������� Equation 1
where: q = discharge rate (m3/s)

v = velocity (m/s)
A = cross-sectional area of water in channel (m2)

Manning�s equation: v = R0.67 ⋅ S 0.5/n�������� Equation 2
where: v = velocity (m/s)

R = hydraulic radius (m)
S = channel gradient (m/m)
n = Manning�s roughness coefficient (Table A11.2)

Hydraulic radius R = A/P

where: A = cross-sectional area of water in channel (m2)
P = wetted perimeter (m)

1. Design of trapezoidal channels
••••• Estimate the discharge (q) that the channel is expected to carry using one of the

methods explained in Appendix 7.
••••• Select the maximum permissible velocity using Table A11.1 as a guide. (Note that

higher values would lead to scouring and lower values would lead to a channel which
is larger than necessary.)

••••• Decide what kind of lining will be used, e.g. earth, grass, stone, concrete.

Table A11.1 Maximum permissible velocities for different types of channels

Channel lining Maximum permissible
velocity (m/s)

Unconsolidated fine sand 0.30�0.46
Rubble and fine sandy soil 0.46�0.61
Sandy soil 0.61�0.76
Sandy loam soil 0.76�0.84
Consolidated loam and clay loam soil 0.91�1.14
Gravel soil 1.23�1.52
Densely grassed 1.50�2.50
Loose gravel, pebbles and sandy gravel 1.52�1.83
Conglomerate, hard pan, soft rock 1.83�2.44
Hard rock 3.05�4.57
Concrete 4.57�6.10
Source: Thomas 1997.
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••••• Select a value for Manning�s roughness coefficient (n) for the lining chosen using Table
A11.2. (Note that the value selected will have a major impact on the dimension of the
channel but it is not always easy to decide which value to use. Smooth channels have low
values; rough channels have high values.) Typical values are 0.02 for an earth-lined
channel and 0.04 for a grass-lined channel.

••••• Select a suitable channel slope. For a diversion ditch this is usually between 0.1% and
1% (i.e. between 0.001 m/m and 0.01 m/m). With a waterway the channel slope is
usually determined by the slope of the ground.

••••• Determine A from Equation 1 and R from Equation 2.
••••• Use the nomograph, Figure A11.1, for finding the bottom width (b) and depth (d) for

the values of A and R already determined.
••••• Use the equations from Figure A11.2 to find the top width. As the channel has a 1:1

side slope, Z = 1 and therefore the top width (t) = b + 2d.
••••• Add freeboard of 10% to find the new depth D = 1.1d and top width T = b + 2D.

Note that with a channel having a different side slope, a different nomograph would be
needed. Many manuals supply tables giving alternative dimensions for different situa-
tions. These can also be used. However, the method is explained here so that the principles
can be understood and can be applied when necessary.

Figure A11.1 Channel dimensions and relationships

Area (A) 2td/3
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(P)
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Hydraulic radius
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Table A11.2 Values for Manning�s roughness coefficient (n)

Channel type and lining Range (n) Design (n)

Earth lining, clay soil 0.016�0.022 0.020
Loosely grassed 0.035�0.045 0.040
Densely grassed 0.0�0.06 0.050
Rough rock 0.035�0.045 0.040
Dry stone pitching 0.025�0.035 0.033
Stone pitching with cement plaster 0.017�0.030 0.025
Smooth concrete 0.010�0.014 0.012
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Example
You have been asked to design a trapezoidal diversion ditch for a farmer and you have estimated
that it should carry a discharge of 0.8 m3/s. It is agreed that the ditch will be earth lined, trapezoidal
in shape with 1:1 side slopes. The soil is a clay loam.

From Table A11.1 select a value of 1 m/s for the maximum permissible velocity and from Table
A11.2 you choose a value for Manning�s (n) of 0.02 which is suitable for an earth-lined channel.
You decide to work out the design for a channel with a gradient of 0.2% (0.002 m/m).

From Equation 1 you find A = q/v = 0.8 m2.

From Equation 2 you find R = (1.0 x 0.02 ÷ 0.0020.5)1.5 = 0.30.

Using Figure A11.2 you draw a vertical line from A = 0.8 on the bottom scale until it intersects with
a horizontal line drawn from R = 0.3 on the left-hand scale. This gives a bottom width between 1
and 2 m, and a figure of 1.2 m can be interpolated. The horizontal line is continued to the right
section of the nomograph until it reaches the same bottom width. It is then carried vertically down
to find the depth d = 0.48 m.

Selection of different values for (S) will give different results, and when calculating in the way
shown it is desirable to try various combinations in order to see which will give the minimum cross-
sectional area and therefore the least excavation work . Note that if a nomograph is not available
for finding (b) and (d), a trial-and-error method must be used to find those values which will
combine to give the required (R) and (A).

2. Design of a parabolic waterway
The procedure for designing a parabolic waterway from first principles is a little simpler
than designing a trapezoidal waterway because the slope, S, is usually predetermined by
the slope of the land and the depth, d, is approximately equal to 1.5 times hydraulic radius,
R. Once R is found, the depth and top width can be found from the relationships shown in
Figure A11.1. Most waterways will have a grass lining because other materials such as
stone or masonry are too costly. The height and roughness of grass can vary from time to
time causing variations in Manning�s roughness, n, unless it is kept cut or grazed. If design
is based on conditions when the grass is short, the dimensions may have to be increased to
allow for the situation when the grass is tall, roughness is increased, velocity is reduced
and the discharge occupies a bigger cross-sectional area. Procedures for this can be found
in Schwab et al. (1993). The biggest problem is to design waterways for steep slopes where
the land available is restricted on account of dense settlement. This is discussed separately
in Appendix 9.

Design procedures are as follows:
••••• Estimate the discharge, q, that the channel is expected to carry using one of the

methods explained in Appendix 7.
••••• Select the maximum permissible velocity using Table A11.1 as a guideline. (Note that

higher values would lead to scouring and lower values would lead to a channel which
is larger than necessary.)

••••• Decide what kind of lining will be used, e.g. grass, stone, masonry (never earth).
••••• Select a value for Manning�s roughness coefficient, n, for the lining chosen using Ta-

ble A11.2, above.
••••• Determine the slope of the waterway from field survey or maps.
••••• Determine A from Equation 1 and R from Equation 2.
••••• Find depth d = 1.5R (approximately) and top width t = 3A/2d
••••• Add freeboard of 25% to find the new depth D = 1.25d.
••••• Find the new top width from the relationship in Figure A11.1.
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Example
You have been asked to design a waterway to carry a discharge that has been estimated at 1.0
m3/s. The slope of the ground is 10% and you decide that a grass cover with a maximum permis-
sible velocity of 2 m/s would be appropriate. You select a value of 0.04 for Manning�s roughness
coefficient (n) (Table A11.2) and then determine the depth and top width as follows:

From Equation 1 find A = q/v = 1/2 = 0.5 m2.

From Equation 2 find R = (2 x 0.04/0.10.5)1.5 
= 0.127 m

Depth d = 1.5R = 0.19 m

Top width, t = (3 x 0.5) ÷ (2 x 0.19) = 3.95 m

Add 25% freeboard.

New depth D = 1.25 x 0.19 = 0.24 m

New top width T = t(D/d)0.5 = 4.4 m.

The above method was used in preparing Appendix 8.

Note that farmers with limited amounts of land will find difficulty in setting aside 4.4 m for a water-
way. In this case, an alternative design using a grass/stone waterway could be tried. Although
data are limited, it would be reasonable to select a value of 3 m/s for maximum permissible
velocity and 0.04 for the roughness coefficient.

This gives the following values:

Area  A = 0.33 m2, depth d = 0.23 m and top width t = 2.15 m.

With a freeboad of 25%, the new depth D = 0.29 m and the new top width T = 2.4 m.
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Appendix 12. Soil infiltration, available water-holding
capacity and water-retention curves
1. Estimation of infiltration rate by texture (typical values)

Texture Mean infiltration Range Notes
rate (mm/h) (mm/h)

Sand 50 25�250 The low figures for clay would apply to black-
Sandy loam 85 13�75 cotton soils (Vertisols) but not to red clay soils
Loam 13 8�20 (Nitisols) which have a high clay content but
Clay loam 8 3�5 behave like sands as the particles are
Silty clay 8 0.3�5 aggregated due to the presence of iron and
Clay 5 1.3�10 aluminium in the soil.

2. Estimation of available water-holding capacity (AWHC) by texture (typical
values)

Texture AWHC AWHC
(% volume) (mm water per m of soil)

Sand 6 60
Silty sand, loamy sand, clay sand 13 130
Sandy loam, loam 14 140
Silty loam, clay loam, sandy clay 17 170
Loamy clay, clay 15 150

3. Illustrative soil water-retention curves

Drainage water

Available water

Corresponding water content�
(% by volume)

0

1

2

3

4

5

6

7

Water  content (% by volume)

10 20 30 40 50 60

Sand Loam Clay

Permanent wilting point

Sand� Loam� Clay
Unavailable water

Oven dry

pF 4.2

pF 2.0

pF

Saturation

Field capacity

29 12 6

6 29 20

4 9 29
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Index
A
Acacia abyssinica  32, 54
Acacia etbaica  5, 7, 22, 32, 45
Acacia mearnsii  54
Acacia mellifera  7, 8, 53, 68
Acacia nilotica  8, 52, 65, 68
Acacia nubica  8, 9
Acacia polyacantha  52, 53, 54
Acacia saligna  33, 52, 54
Acacia senegal  7
Acacia seyal  7
Acacia tortilis  7, 9, 51, 65
acidification  11
Adansonia digitata  7, 8
Adesfeda dam, Makel Zone  54
Adi-angofom, Debub Zone  22�23
Adi-asfeda, Makel Zone  56
Adi-hamuste dam, Makel Zone  83
Adi-hamuste, Makel Zone  73
Adi-keih  65
Adi-quotoyo,  Adi-quala Subzone

59
Adi-tseadi, Debub Zone  22, 51
Afdeyu, Makel Zone  43, 47, 55,

58, 63
Afdeyu Soil Conservation

Research Station  19
Afelba, Debub Zone  37
afforestation  27, 33�34
Agave sisalana  53, 55
agro-ecological zones  5�9, map 6
agroforestry  50�55
agronomic conservation measures

40�50
Aila-ghundet, Debub Zone  51
Akrur, Debub Zone  55
Ala, Debub Zone  155
Ala plain  121
alkalinity  11
Aloe abyssinica  32
Amadir, South Zone  71
Amatere  52
Andosols  9, 213
animals, burrowing  155
Anogeissus leiocarpus  8
Anseba River and basin  66, 68,

137
apron  37, 39, 178, 185, 187, 217
aquifers  116�117, 120�122, 125�

126, 128
area measurement

in surveying  195
Arenosols  213
arid highlands  7
arid lowlands  8
Arundo donax  67, 68, 220
available water content  136
Avicennia marina  9
Azadirachta indica  52

B
back-filling  113�114, 122
Bada, Semenawi-Keih-Bahri Zone

2, 173
Balanites aegyptiaca  7, 51, 68
Barka basin  66
Barka River  129, 137
Barka-Anseba drainage basin  65
barley  7, 9, 40�45, 49, 136
basin irrigation  4, 70, 118, 130,

165�170
basin shape and size  165�168
Begu, Anseba Zone  51

bench terraces  42, 48, 50, 53, 56�
59

Bermuda grass  83, 97, 188
biological conservation measures

27, 67�68
biological degradation of soil  11
borehole screens  125
boreholes  117�118, 120, 122,

125�126, 129
boron hazard  232
borrow area  80�81, 86, 97, 150
Brezeti  68
Buddleja polystachya  32
bunds  4, 53�54, 56�57, 129, 187�

188, 220
earth (soil)  53�54, 130, 165, 169,

172
stone  53, 56, 59

C
Cadaba rotundifolia  8
cadastral maps  205
Caesalpinia decapetala  53, 67
Cajanus cajan  219
Calotropis procera  9, 68
Calpurnia auria  32
Cambisols  7�9, 22, 23, 212
canals and canal networks  141�

154
design and construction  145�

149
head regulator  181�182
lined and lining  143, 150�153
problems  153�155
unlined  142�143

Capparis tomentosa  32
Carissa edulis  7, 8, 22, 32
catchment area  89, 92
catchments

estimating yield  75�76
Cenchrus ciliaris  220
Central Highlands  55
chain survey  206�207
chains, surveying tools  191
Chamaecytisus proliferus  219
channel terraces  56�57
Chealo-hadadm  19
check-dams  37�39
chemical degradation of soil  11
chickpea  7, 43
child safety at farm ponds  98
chloride hazard  232
Chloris gayana  220
Chloris spp.  67
Cicer arietinum  7, 41, 219
clay and clay soils  13, 15, 17, 59,

69, 72, 101, 123�124, 127�
128, 135�136, 142, 149, 157�
158, 168�170, 214, 216, 222,
224�225, 231�232

in basin irrigation  164, 166
in canal lining  151�152
in dam construction  80
for farm ponds  93, 95
in furrow irrigation  158�160,

163
clay loam  59, 93, 136, 149, 168,

214, 216, 234, 237, 239
climate  5�9, 16�17
clinometer  192�193, 198, 203�205
collimation  201
Combretum molle  8
communal lands  28
communal livestock grazing  21�

22
compass survey for mapping  207

compost  45�47
concrete sub-surface dams�see

masonry and concrete dams
Conocarpus lancifolius  52
conservation

of cropland  40�64
structures  55�64
of uncultivated hillsides  27�39

contours and contouring  48�50
Cordia africana  32, 51, 54
cotton  137, 168
cover crops  41�42
cow dung  3, 11, 12, 40, 43, 45
crops and cropping  7, 9

with basin irrigation  168
fertilizer recommendations  40
with furrow irrigation  157
growing period  5, 7�9
residues  21, 44�47
rotation  42�44
and soil salinity  137
vegetable  70
yields  3, 43

Crotalaria cunninghamiana  218
Croton macrostachyus  32
Cupressus lusitanica  55
cut and carry  30�33, 54, 88
cut-off drain  38, 56, 59, 189, 192,

225�226
laying out  202�205
see also diversion ditches

cut-offs  81, 104, 107�109, 178
Cynodon  221, 228
Cynodon aethiopicus  221
Cynodon dactylon  221

D
Da�ero-sheshegna enclosure site

31�32
Dalbergia melanoxylon  7
dam

catchments  34, 75�76
construction  37�39, 69�90
embankment protection  90
for irrigation  129
maintenance and use  89�90
outlet design  81�82
protection, maintenance, use

88�90
siltation and de-silting  20, 88�

89
site selection  73, 75
sub-surface  99�114
types  37�39
see also earth dams, spillways

Danakil Depression drainage
basin  65

Debresina  31�33
Debub Zone  53

see also place names in the zone
degradation, land  3, 10�20, 27�

29, 32, 40
of soil  10�12
of water resources  18�19

Delonix regia  52
Desmodium uncinatum  219
dessa system of land tenure  21
Dichrostachys cinerea  32
discharge  39, 60�63, 93, 145�148,

157, 162, 179, 181�182, 186,
202, 204, 222, 225, 227�228,
234, 237�238

distance measurement  195�197
ditches�see diversion ditches,

retention ditches
diversion ditches  59�60, 63
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diversion structures
on rivers  175�182
types  175�176

Dobera glabra  7
Dodonaea angustifolia  5, 7, 34, 55
Dogali  99
Dongolo-lailai, Semenawi-Keih-

Bahri Zone  51
Dovyalis caffra  53, 55
drainage basins, map 64
Durfo watershed  20

E
earth bunds�see bunds
earth dams  27, 71�73

construction techniques  86�87
embankments and cut-offs  81,

112�113
foundation  108�109, 110, 112
outlet design  81�82
sub-surface dams  101, 104�105

elephant grass  54, 67�68, 219,
220

Embaderho  42
embankments  217, 220

basin irrigation  169�170
canal  150, 153�155
construction  85�88
dam  69�70, 71�72, 75�78, 83�84
design  81, 102
farm pond  91�93, 95, 97�98
materials  80
protection  71, 90
spate irrigation  171�174, 176,

184�188
sub-surface dam  101�102, 104�

107, 109�114
surveying  190, 205
terrace  56�60
volume  78�79

Embazawl  32
enclosures  28�33
Eragrostis curvula  49, 220
Eragrostis tef  7, 42, 51
erosion  2�3, 7, 10�12, 19�20, 24,

28�29, 40, 62, 71, 88, 97, 114,
139, 142�143, 212�213

in irrigation structures  148,
154�155, 160�162, 170, 172,
185

vegetative cover for control  18,
26, 27, 41, 43�44, 48�49, 52�
53, 83�84, 90, 92, 94, 97, 228

see also gully erosion and
control, raindrop erosion, rill
erosion, riverbanks, sheet
erosion, wind erosion

Erythrina abyssinica  32
eucalyptus  34, 54, 65
Eucalyptus camaldulensis  52, 65
Eucalyptus cladocalyx  33, 34, 45,

52, 65
Eucalyptus globulus  52, 65
Euclea schimperi  5, 32
Euphorbia abyssinica  5, 22, 32,

55
Euphorbia tirucalli  55
eutrophication  19
extension and communication

skills  25

F
Faidherbia albida  51, 52, 54
fallows and fallowing  3, 43, 219,

230
fanya chini terraces  56�57

fanya juu terraces  54, 56�57
farm equipment and implements

141, 159
farm ponds  4, 91�98
farmers and land-use conflicts  66
fencing for farm ponds  98
fencing, live  53, 55, 90
Feresege, Semenawi-Keih-Bahri

Zone  9
fertilizers  10�11, 40�41, 43, 45,

54, 70
Ficus vasta  22, 32
field capacity of soil  135
field layout for spate irrigation

187�188
filter packs for well construction

120, 122
finger millet  7, 40, 45
firewood  11, 18, 40, 45, 51�52, 65,

219
flexible-tube water level  192�193,

198, 203�205
flow rate, irrigation  160, 164
flow velocity�see velocity of water

flow
Fluvisols  7, 8, 9, 22, 212
fodder  29, 31, 34, 42, 51, 55, 67,

219, 220, 221
Foro  173
Foro dam  20
foundation for sub-surface dams

107�113
fruit trees  67�68, 155, 165, 168,

232
fruits  30, 33, 51, 55
fuelwood�see firewood
furrow irrigation  70, 118, 130,

156�164
furrows and furrowing

flow rate  157, 160
length and slope  159�162
shape and dimensions  157
soil type  157�158, 160
spacing  158�159

G
gabions  37, 39, 68, 176, 217�218
Gash  basin  65�66
Gash River  16, 68, 124, 129
gates  106, 146, 154�155, 176,

180�184, 186
geo-membrane dams  101, 105,

109, 111�113
geo-membrane linings  151�153
ghedena fields  2, 42, 45, 47, 55
Ghemaa, Debub Zone  84
Gheremi, Makel Zone  22
Gheshnashim  55, 65
Ghinda dam  20
Ghorobati, Debarwa Subzone,

Debub Zone  70
Gliricidia sepium  219
Goluj, Gash-Barka Zone  15
Gonge, Gash-Barka Zone  91
government directives on

riverbank protection  66�67
grass  9, 19

cover  26, 30, 38, 46, 56, 59�60,
62�63, 68, 83�84, 188, 221, 224

on embankments  85, 88�90
production  28, 30�32, 44
sods  63, 97, 98
soil improvement  44, 51�53
species  220
strips  12, 21, 48�50, 54, 56�57,

60, 63

in waterways  60�63, 67�68, 84,
93�95, 97�98, 142, 185, 187,
227�228, 234�235, 237�238

see also cut and carry, names of
specific grasses

grass pea  41, 43, 219
grazing and grazing land  9, 21�

24, 27�32, 43, 45, 50, 91�92,
219, 220, 225�226

overgrazing  19, 40, 45, 92, 221
protection from  54, 62, 66

Grevillea robusta  54
groundwater  8, 20, 27, 29, 55, 65,

99�100, 135
hydrology  115�117
for irrigation  129, 136�137, 173
quality  119

guide wall  182
gully erosion and control  13, 15,

17, 24, 27, 37�39, 56, 59, 62�
63, 83, 88, 93, 217�218, 228

H
Hadas (Quahaito)  19
Hadas catchment  20
Hadas-agulae, Debub Zone  51
Haikota  68
Halhale, Debub Zone  134, 153,

169
Halibmentel, Anseba Zone  54
Hamelmalo, Anseba Zone  123
Harsile  52
Hawatsu  65
Hayelo catchment, Makel Zone  35
Hazemo, Debub Zone  51
head wall extension  185, 187
Hebo, Debub Zone  55
Hidai  19
hillside terraces  34�36
honey from managed enclosures

32
horse bean  7, 43
horticulturalists and land-use

conflicts  66, 68
hydrology  65, 115�117
Hyparrhenia sp.  220
Hyphaene thebaica  8, 65, 68

I
infiltration rate  133�134
intercropping  44
irrigation  4, 8, 16, 129�141

classification of water  229�233
efficiency  138�139
from farm ponds  92
from wells  115
see also basin irrigation, canals

and canal networks, furrow
irrigation, spate irrigation

J
Juniperus procera  5, 8, 52

K
Kelayat, Debub Zone  54
Kitmewlie village, Makel Zone

40, 45

L
Lablab purpureus (lablab)  42, 54,

219
Lamza dam, Makel Zone  70, 82,

129, 144, 156, 156
Lamza irrigation scheme  168
Lamza, Makel Zone  4, 130



INDEX

245

land classification  22�23
land degradation  10�20
land distribution  23
land levelling for irrigation  138�

141, 156, 162, 164, 167, 190�
191, 230

land preparation for irrigation
130�141, 164

land tenure  21, 22, 29, 31, 40
land-use conflicts  66
land-use planning  22�24
Lantana camara  67
Lathyrus sativus  41, 43, 219
layout of conservation measures

202�205
leakage�see seepage
legislation and policy  21, 25�27,

28
leguminous crops and trees  41�

44, 49, 51, 54, 219
Leucaena leucocephala  54, 219
levelling, telescopic  200�202
line level  35, 189, 191�192, 198,

202
Lithosols  7, 8, 9, 22, 23, 212
live fencing  53, 55, 90
livestock  7�9, 30�31, 42, 51, 66,

70
exclusion  54
management practices  21�22
ponds for watering  91�92

loam soil  133, 160, 214, 234, 239
and furrow length  159�160
see also sandy loam

loamy clay soil  216, 239
loamy sand  214, 216
Logo-anseba, Gash-Barka Zone

55
Luvisols  7, 22, 212

M
Maereba, Debub Zone  47, 55, 130,

159, 163, 164
Mai-hutsa  65
Mai-seraw  19
Mai-tekela  65
Mailewia, Debub Zone  54
maintenance

dams, waterways  38, 62, 88�90,
114

irrigation  119, 121, 126�128,
142, 143, 150, 155, 168, 172,
176, 184

ponds  97�98
soil conservation structures  34,

36, 48, 53, 54, 57, 59
maize  7�9, 40�45, 47, 49, 51, 136,

155, 157, 167, 171
Makalasi  68
Makel Zone  55

see also place names in the zone
Mangifera indica  68
Manning�s equation  234�238
manure  11, 21, 40�43, 45�47, 54,

62, 70, 133
see also cow dung

maps and mapping  205�209
masonry and concrete dams  73,

79, 81�83, 85, 87�88, 100�
104, 108, 110�112

masonry linings
in waterways  151�152, 176�177,

182, 185�187, 228, 234, 237
well  118, 120, 123�124

Maytenus arbutifolia  32
Maytenus senegalensis  32

medicinal plants  30, 33, 51
Mediterranean region  2
Mekerka, Makel Zone  58
Menguda catchment  28
Menguda enclosure  7
Meraguz, Debub Zone  51
Mereb-Gash drainage basin  65
micro-basins  36�37, 53
Mimusops kummel  8
Ministry of Agriculture  1, 25, 28,

30, 54, 66, 67, 129
moist highlands zone  5�10, 22
moist lowlands zone  7
moisture content of soil  134�138
mono-cropping  34, 42, 44
mulches and mulching  12�13, 44�

45, 62

N
Nefasit watershed  20
Nitisols  239
nutrient loss  10�11, 52
Nuxia congesta  32

O
Ocimum grandiflorum  5, 32
Olea africana  5, 8, 33, 34, 51
Opuntia ficus-indica  55
organic matter management  44�

47
Otostegia integrifolia  32
Otostegia repanda  32
over-topping  59, 62, 83, 93, 153�

155, 162, 171, 184

P
Panicum coloratum  221
Panicum gleura  221
Panicum maximum  221
Parkinsonia aculeata  52, 54, 55
parkland agroforestry  51�52
pastoralists and land-use conflicts

66
pearl millet  7�9, 40, 42, 44, 49, 51
Pennisetum clandestinum  220
Pennisetum glaucum  51
Pennisetum purpureum  220
physical conservation measures

27
physical degradation of soil  12
pile method of preparing compost

45�46
pit digging, well construction

121�122
pit method of preparing compost

45�47
Pithecelobium dulce  67, 68
plant relationship with soil and

water  130�138
pollarding  51�54
ponds, farm  91�98
population pressure  3
potato  9, 40, 42�43, 47, 54, 58,

118, 137, 156
Prosopis chilensis  52, 68
Prosopis juliflora  52
Psidium guajava  68
Pterolobium stellatum  32

Q
quicksand  126�127

R
rain-fed agriculture  2, 4, 8, 43,

129, 171

raindrop erosion  13, 14, 17, 44
rainfall  2, 4

annual average  5, 7�9, 22, map
74, 171

intensity  16�17, 222�224
see also run-off

Red Sea and basin  2, 65, 70, 137
Regali (Mt. Soira)  19
Regosols  7, 9, 213
reinforced concrete dam

embankment design  102�103
reservoirs  76�78, 90
retention ditches  12, 61, 192,

202�204, 221, 228
Rhus glutinosa  32
Rhus natalensis  32
rill erosion  14
riprap for farm ponds  97�98
river diversion structures  175�

182
river flow size  174
riverbanks  15�16, 65�69
rock-fill dams  72�73, 75, 81�83,

87
Rora-habab, Semenawi-Keih-

Bahri Zone  51
Rora-mensa  19
Rumex usambarensis  32
run-off  1, 4, 12�15, 17�18, 26�29,

36�37, 44�45, 48�50, 53, 55�
56, 59�62, 75, 84, 92�93, 159,
162�163, 173, 200, 211

coefficients  76
losses in basin irrigation  168

S
Sabur area, Semenawi-Keih-Bahri

Zone  58
Sahil, Red Sea Zone  70
salinity  11, 119, 136�138, 163,

212
hazard  229�233

Salvadora persica  7, 67
sand and sandy soils  13, 17, 69,

72, 123, 127�128, 132�133,
135�136, 142, 149, 157, 166,
168, 214, 216, 232, 239

in basin irrigation  164, 166
in dam construction  80, 126
in furrow irrigation  158�160

sandy clay  93, 214, 216
sandy clay loam  80, 93, 214, 216
sandy loam  59, 80, 136, 168, 214,

216, 222, 239
sandy silt  59
sandy silt loam  216
saturation, soil  135
Sawa area  66
Schinus molle  52
scouring sluice  177, 180�182
seepage

dam construction  108�109
from farm ponds  95�97
in irrigation canals  141, 149�

151
in sub-surface dams  103, 107

Segenaiti, Debub Zone  55
semi-desert zone  9
Senna siamea  52
Senna singueana  32
Setaria anceps  220
Setit drainage basin  65
Sheeb  8, 173, 176, 184
sheet erosion  13, 14, 24, 27
shelterbelts  52�53



SOIL AND WATER CONSERVATION MANUAL FOR ERITREA

246

Shiketi, Debub Zone  63
shrubs and bushes

see trees and shrubs
side wall spillway  187
silt soils  13, 15, 17, 80, 128, 132�

133, 214
in dam construction  80

silty clay  72, 93, 214, 239
silty clay loam  214, 216
silt loam  136, 214, 216, 222
siltation in irrigation canals  154

see also dam, siltation and de-
silting

site selection for river diversion
structure  175

slopes  18, 28�29, 48, 53, 212,
221�222, 224, 227

in dams and wells  35�36, 72�73,
75�76, 79, 81, 88, 104, 107, 122

gradient  13, 16�17, 19, 24�27,
48�50, 55�58

in irrigation systems  139, 141�
142, 148�149, 154, 159�162,
164, 166�167, 177, 188, 189�
190

measuring and mapping  192�
194, 196, 198�200, 202�205,
207�208

in waterways  59�61, 63, 99,
227, 228, 236

Smejana area, Debub Zone  55
socio-economic factors  5, 24�25,

29, 73, 101
sodium hazard  231�232
soil

composition  130
conservation  1�4, 5, 24�25, 27,

33�34, 40, 51, 53, 55
fertility and fertility deficiency

3, 10�12, 18�19, 21�23, 26, 40�
45, 53, 88, 173, 180, 213, 219

moisture  18, 40, 42, 44�45, 48,
53�54, 86, 129, 134�135, 143,
156, 171, 229�230

nutrient loss  10�11, 52
particle size  13, 17
profile  130�131
quality for dam constructrion  80
relationship with plants and

water  130�138
structure  133
texture  132, 214�216
treatment during land levelling

139�140
types  7�9, 93, 136, 141, 146,

156�160, 166, 168, 212�213,
224

water-holding capacity  11, 18�
19, 239

see also bunds, erosion, land
degradation, salinity

Solonchaks  9, 11, 212
sorghum  7�9, 40�45, 49, 51, 128,

155, 188
Sorghum bicolor  51
spate irrigation  2, 9, 20, 130,

170�188
design  172�173
problems  171�172

spillways  37�39, 75, 78, 105, 154
design  83�85
for farm ponds  92�94, 97�98
for spate irrigation  171, 184�

187
splash erosion  13, 14, 17
stone bunds  53, 56, 59

strip cropping  49
see also contours and contouring

Suaeda monoica  9
sub-humid escarpment  8�9
sub-surface dams  99�114
sulphate hazard  233
survey instruments  190�195
surveying  189�209

measurement  195�200
terms  189�190

suspended solids hazard  233

T
Tabekna enclosure site  31�33
taff  7, 43, 45, 49, 51
Tamarix aphylla  8, 9, 65, 67
Teareshi, Tokor catchment, Makel

Zone  34
Teclea nobilis  32
telescopic levels and levelling

194�195, 197, 200�202, 204�
205

Tera-emni, Debub Zone  142, 167
Terminalia brownii  8
terraces and terracing  17, 21, 27,

34�36, 42, 53�54, 56�60, 62,
88, 220

formed by grass strips  48�50
laying out  190, 192, 202�204

tillage and tillage practices  12,
14, 18, 40, 48�50

Tokombia  16
Tokor  65
Tokor catchment, Makel Zone  31,

33
topographic maps  205
topsoil  10�13, 17, 19, 46�47, 53,

58, 162
cleared  85�86, 139, 149

training activities  4
trash-lines  48
trees and shrubs

browse  31
clearing  28, 65, 90, 149, 155
in conservation structures  35,

36, 38
in enclosures  28, 30, 32�33
fruit  67�68, 155, 165, 168, 232
planting  3, 21, 27, 45, 62�63, 67,

88, 89
see also afforestation,

agroforestry, scientific names
of various trees and shrubs;
windbreaks

trench excavation  38, 56�57, 96,
102, 105, 107, 109�111, 113

Tselema, Debub Zone  159

U
Ubel  19
uncultivated hillsides  27�39
Ungula  19
USDA land classification system,

modified  23�24

V
vegetation  22�23, 28�30, 32, 34�

35, 40, 46, 50
in agro-ecological zones  5, 7�9
and catchments  221�224
cover  13, 16�19, 27
in dams and waterways  60, 62�

63, 75�76, 80, 85, 89, 150, 180
in ponds and wells  92, 96�98,

116, 119

riverine  65�68
velocity of water flow  15, 44, 49, 128

in artificial waterways  37, 30,
60�62

in irrigation structures  142,
147�149, 154, 227, 234, 237�
238

Vertisols  7, 40, 60, 161, 212, 239
vetiver grass  39, 50, 54, 67
Vetiveria zizanioides  220
Vicia faba  7, 41, 58
village contract for woodland

closure  29�30

W
water  4

agronomic practices  36, 44, 49
conservation  1�4, 5, 24�25, 27,

33�34, 40, 51, 53, 55, 69
cycle  115�116
degradation  18�19
infiltration  133�134
irrigation losses  138�139
lack of storage facilities  173
management in basin irrigation

170
quality  90, 119
relationship with plants and soil

131�138
and soil degradation  11�20, 49,

63
table  100, 107, 112�113, 115�

122, 126, 128, 137
theft from irrigation canals  154
uses of farm ponds  91�92
see also farm ponds, irrigation,

rainfall, reservoirs, run-off,
salinity, seepage, waterlogging,
velocity of water flow

waterlogging  12, 24, 26, 43, 44,
80, 118, 131, 135, 138, 149,
162, 163, 167, 170, 181, 212,
224

waterway design  227�228
weed growth and control  41�43,

54, 143, 147, 150�151, 153�
155, 174, 220

weirs  83�84, 152, 177�179, 180,
182, 185�186, 217

wells  115�128
wheat  40, 43, 44, 49, 136
Wia�a  99
wilting point of plants  136
wind erosion  16�17, 49
windbreaks  52�53
wing wall of spillway  187

X
Xerosols  7�9, 213

Z
Zara seasonal river, Anseba Zone

65
Ziban-una village, Mendefera

Subzone, Debub Zone  43, 118
Ziziphus spina-christi  7, 8, 53, 65,

67, 68
zoned dams  72
Zula  171


